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PREFACE 


THIS  IS  THE  Report  of  the  Retinal  and  Choroidal 
Diseases  Panel,  which  is  Part  One  of  Volume  Two, 
Reports  of  the  Program  Panels  of  the  multivolume 
report  of  the  National  Advisory  Eye  Council 
entitled,  Vision  Research — A  National  Plan:  1983- 
1987. 

The  complete  National  Plan  presents  a  compre- 
hensive and  detailed  assessment  of  the  current  NEI 
program  as  well  as  specific  recommendations  for 
program  development  over  the  next  five  years. 
These  include  program  priorities  and  projections  of 
resource  requirements  for  each  major  area  of  vision 
research  that  the  NEI  supports.  Readers  desiring 
additional  information  should  consult  the  following 
volumes: 


Executive  Summary  (Overview  of  the  entire  Plan). 
Volume  One — The  1983  Report  of  the  National 
Advisory  Eye  Council  (Background,  Summary 
Panel  Reports  and  Resource  Requirements,  Im- 
plementation Strategy,  Cross-Cutting  Research 
Areas  and  Issues,  Planning  Participants,  Planning 
Strategy  and  Process). 

Volume  Two — Reports  of  the  Program  Panels 

Part  One — Report  of  the  Retinal  and  Choroidal 

Diseases  Panel 
Part  Two — Report  of  the  Corneal  Diseases  Panel 
Part  Three — Report  of  the  Cataract  Panel 
Part  Four — Report  of  the  Glaucoma  Panel 
Part  Five — Report  of  the  Strabismus,  Amblyopia, 

and  Visual  Processing  Panel 
Part  Six — Report  of  the  Panel  on  Visual  Impair- 
ment and  Its  Rehabilitation. 

Volume  Three — Support  for  Vision  Research  (Data 
on  vision  research  projects  supported  by  the  NEI 
in  FY  1981  and  by  other  government  and  private 
organizations  in  1980). 
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INTRODUCTION 

THE  RETINA  IS  the  delicate,  multilayered,  light- 
sensitive  membrane  that  lines  the  inside  of  the  back 
of  the  eye  (Figure).  Contained  within  this  stratified 
tissue  are  a  mosaic  of  photoreceptor  cells  (the  rods 
and  cones)  and  an  exquisitely  organized  system  of 
other  nerve  cells  and  associated  elements  that 
contribute  to  its  normal  function.  Images  of  the 
external  world  that  are  formed  on  the  retina  by  the 
eye's  optical  elements  are  converted  to  electrical 
signals,  encoded  into  a  visual  message,  and  transmit- 
ted to  the  brain  via  the  optic  nerve. 

The  retinal  neurons  are  delicate,  highly  differenti- 
ated cells  which,  if  irreparably  damaged,  are  incapa- 
ble of  being  replaced  by  cellular  division.  Moreover, 
they  depend  for  their  survival  on  a  carefully 
controlled  environment  and  a  continuous  supply  of 
oxygen  and  nutrients  derived  from  two  systems  of 
blood  vessels,  one  intrinsic  to  the  retina,  the  other  in 
the  highly  vascular  choroid.  Any  damage  to  the 
retina,  interruption  in  its  blood  supply,  or  injury  to 
the  tissues  with  which  it  interacts  leads  to  loss  of 
vision.  Unfortunately,  the  retina  is  susceptible  to 
injury  in  a  remarkable  variety  of  ways,  ranging 
from  hereditary  degenerative  disorders  to  diseases 
associated  with  infections,  and  from  damage  by 
toxic  agents  to  visual  loss  resulting  from  retinal 
detachment,  diabetes,  and  circulatory  failure.  Each 
may  have  devastating  consequences  for  vision  and 
the  conduct  of  a  normal,  productive  life. 
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FIGURE.  Section  through  a  human  retina,  showing  the  principal  cell 
types  and  layers.  Light  passes  through  the  entire  retina  before  reaching  the 
outer  segments  of  the  photoreceptors,  where  it  is  absorbed  by  the  visual 
pigments  and  converted  into  electrochemical  signals.  Complex  processes 
modify  the  signals  as  they  are  conveyed  to  the  photoreceptors,  synaptic 
terminals,  where  the  visual  message  is  transmitted  to  adjacent  bipolar  and 
horizontal  cells  for  further  processing.  Additional  information  processing 
occurs  by  means  of  the  complex  synaptic  interactions  of  the  various  retinal 
cells  with  one  another.  The  results  of  this  processing  appear  ultimately  in 
the  message  carried  by  the  ganglion  cell  axons  (the  optic  nerve)  to  the 
brain.  (From  Boycott  and  Dowling,  1969.) 


Although  the  total  number  of  persons  afflicted 
with  retinal  and  choroidal  diseases  is  not  known,  in 
1972  an  estimated  1,800,000  Americans  had  trouble 
seeing  even  with  glasses  because  of  retinal  and 
choroidal  diseases.  Within  this  group,  an  estimated 
514,000  people  had  so  severely  impaired  vision  they 
could  not  read  ordinary  newsprint.  Of  these,  an 
estimated  200,000  were  legally  blind,  making  retinal 
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and  choroidal  diseases  as  a  group  the  leading  cause 
of  blindness  in  the  United  States.  Each  year,  an 
estimated  19,000  Americans  become  blind  from 
these  disorders. 

In  1972,  the  latest  year  in  which  there  are 
adequate  estimates  of  the  economic  impact  of  visual 
disorders  in  the  United  States,  retinal  and  choroidal 
diseases  are  estimated  to  have  cost  Americans  more 
than  $1.5  billion  in  direct  health  care  expenses  and 
an  additional  $500  million  in  lost  earnings.  Until 
recently,  neither  means  of  cure  nor  prevention  were 
available  for  most  diseases  of  the  retina  and  choroid. 
However,  intensive  research  over  the  last  several 
years  has  increased  our  knowledge  of  these  condi- 
tions and  in  some  instances  has  led  to  dramatic 
improvements  in  diagnosis,  treatment,  and  restora- 
tion of  vision.  Unfortunately,  many  of  the  diseases 
in  this  group  are  still  poorly  understood,  and, 
because  of  the  relative  inaccessibility  of  the  retina 
and  choroid,  even  accurate  diagnosis  presents  a 
serious  problem.  The  extent  and  seriousness  of  this 
category  of  ocular  disease  can  best  be  appreciated 
by  considering  the  range  of  pathological  conditions 
to  which  the  retinal  and  choroidal  tissues  are 
vulnerable. 

■  Diseases  affecting  the  retinal  circulation  are 
among  the  major  causes  of  visual  disability  and 
blindness.  Diabetic  retinopathy,  a  frequent  com- 
plication in  individuals  with  diabetes  mellitus,  is 
estimated  to  be  the  fifth  leading  cause  of  blind- 
ness in  the  United  States  and  the  third  leading 
cause  of  new  blindness;  an  estimated  32,600  new 
cases  were  present  in  1978.  Because  the  retinal 
manifestations  of  diabetes  often  occur  in  later  life, 
diabetic  retinopathy  is  the  second  leading  cause 
of  blindness  among  individuals  45-74  years  of 
age.  Other  retinal  vascular  disorders,  responsible 
for  more  than  5,000  new  cases  of  visual  impair- 
ment each  year,  include  retrolental  fibroplasia, 
sickle  cell  retinopathy,  retinal  vein  occlusion,  and 
hypertensive  and  atherosclerotic  vascular  disease. 

■  Developmental  and  hereditary  disorders  of  the 
retina  and  choroid  are  responsible  for  20  percent 
of  all  legal  blindness  due  to  chorioretinal  diseases. 
Retinitis  pigmentosa  alone  accounts  for  nearly 
1,500  new  cases  of  legal  blindness  each  year;  as 
many  as  100,000  people  may  be  afflicted  with  the 
disease  in  this  country.  Like  most  of  the  disorders 
in  this  category,  retinitis  pigmentosa  strikes  the 
young,  causing  a  lifetime  of  hardships  for  them, 
and  heavy  financial  and  emotional  burdens  for 
their  families. 

■  Macular  degeneration  and  other  disorders  that 
affect  the  central  retinal  area  subserving  acute 
vision  lead  to  severe  visual  impairment.  Accord- 
ing to  1970-1974  data  from  the  United  States,  an 
estimated  165,000  first  visits  to  physicians  were 


made  each  year  because  of  macular  degeneration, 
making  it  one  of  the  Nation's  major  public  health 
problems. 

In  1970-1974,  because  of  retinal  detachment  and 
vitreous  disorders  that  lead  to  a  separation  of  the 
neural  retina  from  the  underlying  pigment  epithe- 
lium more  than  25,000  first  visits  to  physicians 
were  made  each  year.  Although  the  retina  can  be 
surgically  reattached  in  many  instances,  approxi- 
mately 7,000  of  these  cases  suffer  irreparable 
damage  and  extensive  loss  of  vision.  In  addition, 
separation  of  the  vitreous  from  its  normal  attach- 
ment sites  is  an  important  factor  in  diabetic 
retinopathy,  contributing  to  the  abnormal  blood 
vessel  growth  and  subsequent  vitreous  hemor- 
rhage   that    characterize    this    blinding    disease. 

Although  less  frequent,  inflammatory  disorders 
of  the  retina  and  choroid  comprise  a  large  group 
of  destructive,  often  painful  diseases.  Character- 
ized by  the  accumulation  of  inflammatory  cells 
and  fluid  in  the  ocular  tissue,  these  diseases  often 
affect  not  only  the  retina  and  choroid  but  also  the 
vitreous  body  and  the  front  of  the  uvea  (the 
ciliary  body  and  iris);  involvement  of  the  latter 
tissues  may  result  in  secondary  glaucoma  and 
cataract.  In  1972,  approximately  23,000  cases  of 
legal  blindness  in  the  United  States  were  attribut- 
able to  uveitis,  and  an  estimated  $10  million  was 
spent  in  medical  care  for  these  patients. 

Tumors  of  the  retina  and  choroid,  principally 
choroidal  melanoma  and  retinoblastoma,  have  a 
relatively  low  incidence,  but  their  importance  is 
magnified  by  the  fact  that  these  cancers  can  cause 
death  as  well  as  blindness.  About  1,500  new  cases 
of  choroidal  melanoma  are  diagnosed  annually  in 
the  United  States,  with  an  overall  mortality  at 
five  years  of  35  to  90  percent,  depending  on  the 
size  and  degree  of  malignancy  of  the  tumor. 
Retinoblastoma  is  probably  the  most  common  of 
all  congenital  tumors  affecting  the  newborn.  It 
appears  to  occur  more  frequently  among  black 
children,  and  although  the  tumor  is  responsive  to 
various  forms  of  treatment,  the  visual  loss  it 
causes  is  usually  severe  and  permanent. 

Toxic  or  environmental  agents,  acting  separately 
or  in  concert,  can  severely  damage  the  retina, 
even  though  they  may  appear  harmless  to  other 
tissues.  In  addition,  chemotherapeutic  agents  in- 
troduced into  the  eye  or  bloodstream  may  affect 
adversely  the  retina  and  optic  nerve  with  serious 
consequences  for  visual  function. 

The  photoreceptors  are  particularly  susceptible 
to  injury  and  are  affected  by  a  wide  variety  of 
choroidal  and  retinal  diseases.  They  are  often  the 
first  cells  to  degenerate  or  suffer  damage  from 
hereditary  defects  (such  as  retinitis  pigmentosa), 


Summary 


retinal  detachment,  nutritional  deficiencies,  circu- 
latory disturbances,  overexposure  to  light,  and 
the  toxic  effects  of  drugs.  It  is  essential  that  we 
understand  all  aspects  of  the  normal  functional 
properties  of  the  visual  cells  and  the  unique  ways 
in  which  specific  disease  processes  alter  their 
metabolic  and  structural  integrity. 

■  Although  not  an  integral  component  of  the  visual 
sensory  pathway,  the  retinal  pigment  epithelium 
is  nevertheless  a  central  element  in  the  health  and 
survival  of  the  visual  cells.  Among  its  many 
functions  are  the  selective  transport  of  metabo- 
lites to  and  from  the  photoreceptors  and  the  daily 
removal  of  discarded  photoreceptor  debris.  Fail- 
ure to  perform  any  of  its  functions  adequately 
results  in  death  of  the  neighboring  receptors  and 
blindness  within  the  affected  area.  In  addition, 
the  pigment  epithelial  cells  may  help  keep  the 
sensory  retina  in  its  proper  position,  a  potentially 
significant  factor  in  the  etiology  of  retinal  detach- 
ment. 

■  An  understanding  of  retinal  organization,  the 
chemical  substances  that  transmit  information 
between  retinal  cells,  and  the  molecular  events 
that  underlie  visual  adaptation  is  needed  for  a 
true  understanding  of  the  visual  process  and  for 
the  prevention,  diagnosis,  and  treatment  of  retinal 
and  choroidal  diseases.  It  is  also  important  to 
recognize  that  the  retina  is  part  of  the  brain  and, 
as  in  a  number  of  brain  disorders,  abnormalities  in 
retinal  function  may  result  from  glial  cell  pathol- 
ogy or  disturbances  in  the  manufacture  or  utiliza- 
tion of  essential  neurotransmitter  agents. 

Significant  advances  have  been  made  in  recent 
years  in  understanding  most  of  these  conditions, 
with  concomitant  improvements  in  the  methods  by 
which  they  are  treated  medically  and  surgically.  In 
the  case  of  inflammatory  disorders,  for  example, 
considerable  progress  has  been  made  in  identifying 
and  isolating  infectious  agents  that  cause  uveitis,  and 
recently  developed  fluorometric  techniques  have 
greatly  facilitated  the  ability  to  diagnose  the  vascu- 
lar lesions  that  accompany  inflammatory  reactions 
of  the  retina  and  choroid.  With  regard  to  intraocu- 
lar tumors,  better  diagnostic  procedures  have  led  to 
more  accurate  identification  of  the  tumor  type,  and 
methods  of  treatment,  particularly  for  childhood 
tumors  such  as  retinoblastoma,  are  now  much 
improved. 

Research  has  led  to  a  deeper  appreciation  of  the 
role  of  the  blood-retinal  barrier  in  the  normal 
functioning  of  the  retina.  The  breakdown  of  the 
barrier  that  occurs  in  diabetic  retinopathy  and  other 
vascular  diseases  enables  water  and  other  molecules 
to  leak  into  the  retinal  substance,  resulting  in 
macular  edema  and  severe  visual  loss.  Investigators 
also  have  a  better  understanding  of  the  pathogenesis 
of   macular    disease    and    improved    methods    for 


identifying  subtle  clinical  changes  as  they  develop. 
A  major  advance  has  recently  been  made  in  the 
ability  to  treat  the  neovascular  type  of  aging-related 
maculopathy,  but  management  of  many  of  these 
conditions  remains  disappointing. 

Knowledge  of  hereditary  and  developmental  dis- 
orders has  increased  substantially  over  the  last  five 
years,  largely  because  a  great  deal  has  been  learned 
about  the  structure,  function,  and  biochemistry  of 
the  retina  and  pigment  epithelium.  In  some  cases, 
enough  information  has  been  obtained  to  begin 
therapeutic  trials.  The  discovery  of  animals  with 
hereditary  disorders  and  the  identification  of  specif- 
ic biochemical  defects  in  their  photoreceptors  pro- 
vides a  basis  for  considering  similar  pathogenetic 
mechanisms  in  human  disease.  More  sophisticated 
tests  now  permit  detection  of  carriers  of  hereditary 
chorioretinal  disorders  in  certain  instances,  for 
example,  in  such  conditions  as  vitelliform  macular 
degeneration  and  choroideremia. 

In  retinal  detachment  and  vitreous  disorders  the 
major  advances  have  been  in  the  form  of  new 
instrumentation  and  better  methods  of  surgical 
management.  The  development  and  application  of 
vitrectomy  surgical  techniques,  in  particular,  has 
been  an  outstanding  achievement.  Retinal  detach- 
ment surgery  now  has  a  success  rate  of  80  to  90 
percent,  resulting  in  a  significant  restoration  of 
visual  function. 

The  research  on  the  conditions  outlined  above  is 
applicable  to  other  ocular  and  systemic  disorders, 
particularly  those  related  to  the  vascular  problems 
found  in  diabetes  and  sickle  cell  disease.  For 
example,  the  information  gleaned  from  studies  of  the 
retinal  vasculature  in  diabetes  may  have  importance 
to  kidney  function  in  this  disease,  and  there  is 
obvious  overlap  in  the  relationship  of  retinal  vascu- 
lar occlusions  to  systemic  hypertension  and  carotid 
insufficiency. 

The  fact  that  the  retina  is  an  outgrowth  of  the 
brain  and  that  the  optic  nerve  is  homologous  with 
neural  tracts  in  the  spinal  cord  provides  a  common- 
ality of  interest  among  investigators  of  nerve  func- 
tion in  the  retina  and  in  the  central  nervous  system. 
The  pressing  problems  associated  with  information 
processing,  neuronal  regeneration,  cell  death,  aging, 
neuron-glia  interactions,  nerve  growth  factors,  and 
a  host  of  related  topics  are  a  shared  concern,  and 
the  research  findings  in  these  fields  are  of  mutual 
importance. 


PROGRAM  STRUCTURE 

In  its  deliberations,  the  Panel  distinguished  between 
research  on  problem  areas  and  specific  disorders 
and  research  on  development,  structure,  and  func- 


Vision  Research— A  National  Plan:  1983-1987 


Retinal  and  Choroidal  Diseases 


tion  as  related  to  disease.  In  addition,  cross-cutting 
areas  of  interest  that  are  in  need  of  research  support 
were  identified.  The  14  subprograms  examined  by 
the  Panel  were: 

Vascular,  Inflammatory,  and  Neoplastic  Disorders  of  the ' 
Retina  and  Choroid 

1.  Diabetic  Retinopathy,  Sickle  Cell  Retinopathy,  and 
Other  Vascular  Abnormalities 

2.  Inflammatory  Disorders 

3.  Tumors 

Degenerative  Disorders  of  the  Retina 

4.  Developmental  and  Hereditary  Disorders 

5.  Macular  Degeneration 

6.  Retinal  Detachment  and  Vitreous  Disorders 

7.  Toxic  and  Environmental  Disorders 
Fundamental  Processes  and  Retinal  Disorders 

8.  Retinal  Pigment  Epithelium 

9.  Photoreceptors,  Visual  Pigments,  and  Phototransduc- 
tion 

10.  Retinal  Organization,  Neurotransmission,  and  Adap- 
tation 

11.  Glial  Cells  and  the  Retinal  Microenvironment 

12.  Rescue  and  Regeneration  of  Neurons  in  the  Optic 
Nerve  and  Retina 

Related  Areas  of  Research  Opportunity  and  Need 

13.  Noninvasive   Techniques    in    the    Study    of   Retinal 
Disorders 

14.  Tissue  Acquisition  and  Distribution:  Human  Donor 
Eyes  and  Animal  Models 

In  considering  these  various  categories  and  classi- 
fications, it  is  apparent  that  the  problems  raised  by 
individual  conditions  are  often  interrelated,  and 
hence,  research  areas  are  interdependent.  One  prob- 
lem area  often  merges  imperceptibly  into  others, 
and  the  efforts  of  investigators  from  several  disci- 
plines may  be  required  for  their  solution. 

Thus,  the  classification  of  retinal  and  choroidal 
disorders  and  research  areas  is  essentially  pragmatic; 
in  the  main,  it  lists  the  chief  clinical  problems  and 
enumerates  individual  ocular  regions  and  disci- 
plines. Overall,  this  classification  reflects  the  best 
current  approach  to  the  solution  of  clinical  prob- 
lems: to  apply  what  is  now  known  in  an  attempt  to 
lessen  the  ravages  of  disease  while  pursuing, 
through  the  intelligent  development  and  application 
of  basic  science,  means  of  prevention  and  methods 
of  cure. 

The  National  Eye  Institute's  research  program  in 
Retinal  and  Choroidal  Diseases  encompasses  specif- 
ic clinical  disorders  and  basic  research  on  the 
development,  structure,  and  function  of  the  eye  as 
related  to  disease.  The  opportunity  to  diagnose, 
treat,  and  ultimately  prevent  disease  depends  in 
large  measure  upon  fundamental  research.  Often 
disorders  seen  in  the  clinic  help  to  focus  research  on 
abnormal  processes,  but  without  a  full  basic  under- 


standing of  the  normal  condition,  it  is  virtually 
impossible  to  comprehend  what  is  wrong  in  the 
abnormal  state  or  to  find  the  means  to  correct  it.  To 
gain  best  advantage  toward  the  goals  set  forth 
below,  the  Panel  strongly  urges  that  adequate 
sustained,  coordinated  support  be  given  to  both 
basic  and  clinical  research. 


ORGANIZATION  OF  THE 
PLAN 

Each  chapter  in  this  report  begins  with  an  introduc- 
tion that  highlights  the  importance  of  the  research 
field  or  disorder  it  addresses.  This  is  followed  by  a 
list  of  subprogram  objectives,  an  overview  of 
current  research  support,  a  review  of  recent  re- 
search accomplishments,  and  a  discussion  of  current 
research  needs  and  opportunities.  This  analysis 
culminates  in  a  list  of  the  Panel's  recommendations 
for  the  Program  Base  and  for  Program  Develop- 
ment Priorities  within  the  subprogram. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research   grants   in   these   areas   are   forthcoming. 

Each  chapter  concludes  with  a  table  that  shows 
the  number  and  dollar  amount  of  research  grants 
supported  in  each  of  these  areas  in  FY  1981  and  the 
number  and  estimated  costs  of  projects  the  Panel 
recommends  for  funding  by  FY  1983.  For  a  detailed 
discussion  of  the  planning  process  used  to  develop 
these  recommendations  see  Volume  One,  The  1983 
Report  of  the  National  Advisory  Eye  Council. 
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PROGRAM  GOALS 

Recognizing  the  research  opportunities  that  lie 
ahead  and  the  magnitude  of  the  disease  problems  to 
be  faced,  the  Retinal  and  Choroidal  Diseases  Panel 
has  set  the  following  broad  program  goals  to  guide 
research  in  this  area: 

■  To  increase  basic  knowledge  of  the  development, 
metabolism,  molecular  structure,  and  functional 
properties  of  the  retinal  neurons  and  the  glial, 
choroidal,  and  pigment  epithelial  cells  upon 
which  they  depend  for  maintenance  and  proper 
function. 

■  To  develop  procedures  for  the  prevention  and 
cure  of  diabetic  retinopathy,  retinal  degeneration, 
retinal  detachment,  and  other  chorioretinal  disor- 
ders, and  conduct  controlled  clinical  trials  of 
promising  new  therapeutic  measures  as  they 
become  available. 

■  To  devise  noninvasive  methods  for  probing  the 
functional  state  of  the  human  retina  and  its 
neighboring  tissues,  as  an  aid  in  diagnosis  and  in 
identifying  the  cellular  elements  involved  in 
disease  processes. 

■  To  investigate  in  animals  affected  with  retinal 
and  choroidal  diseases  the  genetic,  biochemical, 
and  immunological  bases  of  the  pathological 
processes,  and  the  effectiveness  of  innovative 
therapeutic  approaches. 

■  To  identify  nutritional  and  environmental  factors 
that  may  be  toxic  to  the  retina,  interfere  with  its 
normal  development,  or  affect  the  long-term 
survival  of  the  visual  cells. 

■  To  improve  methods  for  maintaining  retinal  and 
choroidal  cells  in  tissue  culture,  for  investigating 
normal  and  pathological  cellular  mechanisms, 
analyzing  the  molecular  basis  of  neurotransmis- 
sion, testing  the  efficacy  of  new  forms  of  therapy, 
and  discovering  the  factors  that  promote  neuro- 
nal growth  and  regeneration. 

■  To  establish  a  sound  basis  for  prognosis,  genetic 
counseling,  and  medical  intervention  by  deter- 
mining the  etiology,  natural  history,  and  epidemi- 
ology of  inflammatory  disorders,  tumors,  and  the 
various  degenerative  diseases  affecting  the  retina 
and  choroid. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

In  FY  1981,  the  National  Eye  Institute  funded  381 
research  grants,  at  a  total  cost  of  $33,535,000,  in  the 
Retinal  and  Choroidal  Diseases  program.  Of  these, 
53  grants  were  for  research  on  diabetic  retinopathy 
and  other  circulatory  abnormalities  of  the  retina  and 
choroid.  In  addition,  the  NEI  currently  has  con- 
tracts with  17  clinical  centers  for  the  Diabetic 
Retinopathy  Vitrectomy  Study,  23  clinical  centers 
for  the  Early  Treatment  Diabetic  Retinopathy 
Study,  and  5  additional  centers  for  ancillary  func- 
tions related  to  these  programs.  NEI  funded  14 
research  projects  dealing  with  inflammatory  disor- 
ders of  the  retina  and  choroid  in  FY  1981. 

With  regard  to  ocular  tumors,  18  research  pro- 
jects were  funded  by  the  National  Eye  Institute  in 
FY  1981  for  studies  of  ocular  melanoma  and 
retinoblastoma.  Studies  of  the  diagnosis,  etiology, 
pathogenesis,  and  prognosis  in  these  diseases  include 
such  areas  of  investigation  as  immunodiagnosis, 
correlation  of  malignant  potential  with  histopatho- 
logical  findings,  experimental  chemotherapy,  and 
biochemical  and  cytogenetic  markers  in  animal 
models  and  cultured  cell  lines. 

In  the  field  of  developmental  and  hereditary 
disorders,  42  National  Eye  Institute  grants  were 
supported  in  FY  1981.  This  support  has  permitted 
electrophysiological  and  psychophysical  testing, 
fundus  reflectometry  measurements,  and,  where 
possible,  a  correlation  of  the  results  of  these  test 
procedures  with  ultrastructural  and  biochemical 
studies  of  animal  models  and  postmortem  donor 
eyes  from  patients  with  these  diseases. 

In  FY  1981,  the  National  Eye  Institute  supported 
21  grants  for  research  on  macular  degeneration, 
among  which  is  a  collaborative  therapeutic  trial,  the 
Macular  Photocoagulation  Study.  The  Institute 
funded  16  research  grants  in  FY  1981  dealing  with 
retinal  detachment  and  vitreous  disorders.  Almost 
one-half  of  these  involved  basic  studies  of  the 
development,  structure,  and  function  of  the  vitre- 
ous; the  junction  between  retina  and  vitreous;  and 
the  factors  that  normally  maintain  retinal  attach- 
ment. The  clinically  oriented  grants  dealt  primarily 
with  improvements  in  instrumentation  and  tech- 
niques for  vitrectomy  and  retinal  detachment  sur- 
gery, management  of  vitreous  trauma,  and  studies  of 
vitreoretinal  membrane  shrinkage. 

Toxic  and  environmental  hazards  are  the  concern 
of  numerous  government  agencies,  private  founda- 
tions, and  various  segments  of  industry.  Although 
several  projects  relating  to  ocular  toxicity  were 
funded  by  the  National  Eye  Institute  in  FY  1981, 
only  two  were  directly  concerned  with  the  effects 
of  potentially  toxic  agents  on  the  choroid  and  retina. 
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These  dealt  with  the  toxicity  of  intravenously 
administered  fluorescent  dyes  used  in  angiography, 
the  toxic  effects  of  polycyclic  aromatic  compounds 
such  as  chloroquine,  and  the  retinotoxic  effects  of 
antibiotics  used  in  treating  ocular  diseases  and 
administered  intravitreally  for  the  treatment  of 
endophthalmitis. 

The  National  Eye  Institute  supported  26  grants  in 
FY  1981  devoted  to  the  study  of  the  retinal  pigment 
epithelium  and  its  interactions  with  the  visual  cells. 
Most  of  these  dealt  with  renewal  phenomena;  others 
were  concerned  with  questions  of  transport,  cell 
biology,  biochemistry,  physiology,  or  development. 
In  the  field  of  photoreceptor  physiology,  112  grants 
were  funded;  about  half  of  which  dealt  with 
transduction  and  the  normal  functional  properties  of 
the  visual  cells,  others  with  photochemical  reactions 
and  the  structure  of  rhodopsin  and  the  disk  mem- 
branes, and  the  remainder  primarily  with  metabolic 
processes  in  visual  receptors. 

In  FY  1981,  57  grants  for  research  on  retinal 
organization,  neurotransmission,  and  adaptation 
were  supported  by  the  National  Eye  Institute.  In  the 
main,  the  fields  of  study  included  growth  and 
development  of  retinal  cells,  structural  and  electro- 
physiological analysis  of  neuronal  interactions,  iden- 
tification of  the  neurotransmitter  agents  at  synaptic 
sites,  the  retinal  mechanisms  subserving  color  vision 
and  adaptation,  and  the  molecular  events  involved 
in  the  generation  of  electrical  signals  by  the  retinal 
nerve  cells. 

Although  six  National  Eye  Institute  research 
grants  dealt  with  glial  cells  and  the  retinal  environ- 
ment in  FY  1981,  a  number  of  research  projects  in 
retinal  metabolism  and  cellular  physiology  encom- 
passed this  area  of  interest.  Moreover,  glial  cells 
play  a  vital  role  in  neuronal  injury  and  the  problems 
associated  with  nerve  regeneration;  thus,  projects 
relating  to  glial  function  complement  two  supported 
studies  of  retinal  neuronal  regeneration. 

The  development  of  methods  for  the  noninvasive 
study  of  retinal  physiology  was  the  focus  of  12 
National  Eye  Institute  research  grants  in  FY  1981; 
in  addition,  noninvasive  techniques  were  developed 
and  used  extensively  in  many  of  the  clinical  projects 
mentioned  previously. 

A  program  to  supply  Irish  setters  afflicted  with 
rod-cone  dysplasia  and  miniature  French  poodles 
with  progressive  retinal  atrophy  was  in  operation  in 
FY  1981.  Numerous  research  centers  now  utilize 
animal  models  for  studies  on  the  etiology  of  retinal 
degeneration,  and  individual  laboratories  have,  with 
the  cooperation  of  regional  eye  banks,  obtained 
postmortem  human  donor  eyes  for  ultrastructural 
and  biochemical  studies  of  chorioretinal  diseases. 

The  foregoing  indicates  that  the  National  Eye 
Institute's  program  to  curb  visual  disability  from 
chorioretinal  diseases  represents  a  broad-based 
system  of  support  that  attempts  to  encompass  the 


various  aspects  of  normal  function  and  almost  every 
serious  pathological  condition.  Support  is  also  pro- 
vided by  other  components  of  the  National  Insti- 
tutes of  Health  and  other  agencies  of  the  Depart- 
ment of  Health  and  Human  Services,  the  National 
Science  Foundation,  Department  of  Defense,  Veter- 
ans Administration,  and  other  Federal  organiza- 
tions. Significant  funding  was  also  provided  by 
private  national  philanthropic  organizations,  most 
notably  the  National  Retinitis  Pigmentosa  Founda- 
tion, Fight  for  Sight,  Inc.,  and  Research  to  Prevent 
Blindness,  Inc.  For  a  complete  list  of  projects 
supported  by  the  NEI  in  FY  1981  and  other 
organizations  in  1980,  see  Volume  Three,  Support  for 
Vision  Research.  Nevertheless,  it  will  become  appar- 
ent in  the  description  of  research  needs  and  subpro- 
gram priorities  that  a  greater  effort  in  some  major 
areas  of  concern  and  a  reapportionment  of  effort  in 
other  areas  is  desirable  to  take  advantage  of  new 
opportunities  that  have  emerged  from  past  research. 


RECENT 
ACCOMPLISHMENTS 


Considerable  progress  has  been  made  in  recent 
years  toward  realizing  some  of  the  major  goals  of 
the  National  Eye  Institute's  Retinal  and  Choroidal 
Diseases  program.  A  multitude  of  technical  innova- 
tions, and  the  introduction  of  powerful  analytical 
procedures  culled  from  the  various  scientific  disci- 
plines, have  spurred  advances  on  all  fronts.  Most 
notable  have  been  an  impressive  increase  in  knowl- 
edge of  normal  retinal  function,  better  understand- 
ing of  disease  processes,  and  improvements  in 
diagnostic  and  therapeutic  procedures  that  have  led 
to  prevention  of  blindness  and  restoration  of  useful 
vision  in  patients  with  serious  chorioretinal  disor- 
ders. 

Progress  in  elucidating  the  mechanisms  of  visual 
excitation  and  adaptation,  which  is  central  to  a 
complete  understanding  of  the  visual  process,  has 
been  remarkably  rapid.  Novel  techniques  for  ana- 
lyzing the  currents  that  flow  across  photoreceptors 
are  being  used  to  identify  the  molecular  events  that 
link  visual  pigment  activation  and  the  cell's  electri- 
cal response,  and  specially  constructed  ion-selective 
electrodes  are  probing  the  ionic  basis  of  the  excita- 
tory process.  Sensitive  biochemical  assays  have 
made  possible  the  detection  of  light-induced  enzy- 
matic changes  that  are  vital  to  normal  cellular 
function,  and  the  identification  of  various  transmit- 
ter agents  used  by  the  retinal  neurons  for  intercellu- 
lar communication.  The  development  and  synaptic 
connections  of  the  retinal  neurons  are  being  de- 
scribed in  ever-increasing  detail  with  new  methods 


Summary 


for  tracing  the  course  of  nerve  fibers  and  visualizing 
the  molecular  detail  of  membrane  surfaces.  Elegant 
studies  that  combine  electrophysiological  and  histo- 
chemical  techniques  have  revealed  much  about  the 
functional  significance  of  the  retina's  cellular  strati- 
fication. In  addition,  a  growing  awareness  of  the 
susceptibility  of  the  visual  and  other  retinal  cells  to 
damage  by  light,  environmental  pollutants,  pesti- 
cides, and  other  toxic  agents  has  led  to  new 
concepts  that  may  have  important  consequences  for 
the  preservation  of  sight. 

A  number  of  important  facts  have  been  estab- 
lished about  the  intimate  relationship  between  the 
sensory  retina  and  the  layer  of  pigment  epithelial 
cells,  and  it  is  now  more  apparent  than  ever  that  an 
upset  in  the  functional  integrity  of  the  pigment 
epithelium  can  cause  widespread  destruction  of  the 
retina.  The  discovery  of  specific  retinol-binding 
proteins  for  the  transport  of  vitamin  A  isomers 
between  the  photoreceptors  and  pigment  epithelial 
cells  has  greatly  enhanced  understanding  of  the 
rhodopsin  cycle.  Moreover,  intercellular  junctions 
between  the  pigment  epithelial  cells  form  a  part  of 
the  blood-ocular  barrier  that  regulates  the  flow  of 
molecules  to  and  from  the  visual  cells;  a  breakdown 
of  this  barrier  occurs  in  inflammatory  disease, 
diabetic  retinopathy,  and  some  of  the  retinal  dystro- 
phies. 

Striking  advances  have  been  made  in  the  medical 
and  surgical  management  of  chorioretinal  diseases. 
Autoimmune  diseases  of  the  retina  and  choroid  that 
once  had  a  hopeless  prognosis  have  yielded  to 
immunosuppressive  agents,  and  severe  infectious 
ocular  diseases  have  been  treated  satisfactorily  with 
a  number  of  new  antimicrobial  drugs.  Vitrectomy,  a 
procedure  for  evacuating  hemorrhages  from  the 
vitreous  gel  and  removing  bands  of  fibrous  mem- 
branes that  can  cause  retinal  detachment,  has 
proved  remarkably  successful  in  restoring  vision  to 
patients  facing  blindness  from  diabetic  retinopathy, 
inflammatory  disorders,  and  trauma. 

Proton  beam  irradiation  has  been  used  successful- 
ly in  the  treatment  of  choroidal  melanoma.  Ultra- 
sound, employed  routinely  for  detection  and  local- 
ization of  foreign  bodies  and  intraocular  lesions,  has 
been  used  to  disrupt  vitreous  membranes  and  may 
find  application  also  in  tumor  therapy. 

The  nationwide  Diabetic  Retinopathy  Study, 
sponsored  by  the  NEI,  demonstrated  that  visual 
disability  from  the  proliferative  form  of  diabetic 
retinopathy  can  be  sharply  reduced  by  extensive 
retinal  photocoagulation  with  the  xenon  arc  or  the 
argon  laser.  Another  multicenter  NEI-supported 
clinical  trial,  the  Macular  Photocoagulation  Study, 
has  recently  led  to  a  dramatic  breakthrough  in  the 
treatment  of  the  neovascular  form  of  aging-related 
maculopathy  (senile  macular  degeneration). 

Improved  diagnostic  and  laboratory  procedures 
have  also  made  a  significant  impact  on  progress  in 


this  field.  Vitreous  fluorophotometry,  although  still 
in  need  of  improved  standardization,  is  a  promising 
new  technique  for  revealing  early  vascular  changes 
that  precede  the  overt  signs  of  diabetic  retinopathy. 
While  the  search  for  an  angiogenesis  factor  that 
causes  new  vessel  formation  continues,  the  develop- 
ment of  an  assay  system  for  the  factor  using 
cultured  capillary  endothelial  cells  represents  a 
major  step  forward  in  this  effort.  Tumor-specific 
immune  responsiveness  has  been  demonstrated  in 
patients  with  choroidal  melanoma,  and  the  success- 
ful induction  of  uveal  melanomas  in  cats  using  feline 
sarcoma  virus  should  provide  a  valuable  model  in 
which  to  investigate  the  pathogenesis  of  this  tumor. 
Genetic  and  chromosomal  studies  have  contributed 
to  a  better  understanding  of  retinoblastoma,  and  the 
establishment  of  in  vitro  cell  lines  of  retinoblastoma 
has  made  a  continuous  supply  of  tumor  cells 
available  for  use  by  investigators. 

Retinal  tissues  obtained  postmortem  from  human 
donor  eyes  and  animal  models  of  chorioretinal 
disease  provide  one  of  the  most  fertile  fields  of 
investigation,  which  has  already  begun  to  yield 
important  dividends.  For  example,  new  opportuni- 
ties for  studying  disciform  macular  degeneration 
have  become  available  through  the  development  of 
a  reproducible  model  of  subretinal  neovasculariza- 
tion in  the  monkey,  and  some  of  the  factors 
involved  in  the  vascular  reaction  have  already  been 
identified.  Specific  biochemical  and  enzymatic  de- 
fects have  been  identified  in  the  visual  cells  of 
animals  with  hereditary  retinal  diseases.  Careful 
ultrastructural  studies  of  retinal  cells  from  donor 
eyes  have  revealed  the  pathological  changes  that 
occur  at  various  stages  in  the  degenerative  process. 
Moreover,  methods  for  maintaining  pigment  epithe- 
lial cells  in  culture  have  been  developed,  and  the 
cells  from  donor  eyes  of  patients  with  retinitis 
pigmentosa  are  being  analyzed  for  disease-specific 
biochemical  markers  and  chromosomal  abnormali- 
ties. 

Although  chorioretinal  biopsy  may  become  a 
practical  and  relatively  safe  diagnostic  procedure, 
noninvasive  methods  remain  the  principal  means  of 
assessing  the  functional  state  of  the  retina.  The  value 
of  noninvasive  approaches  is  well  documented  in 
every  field  of  retinal  study,  but  is  perhaps  most 
vividly  illustrated  in  the  diagnosis  of  hereditary 
retinal  degenerations.  Electroretinography,  for  ex- 
ample, has  proved  invaluable  for  the  diagnosis  of 
retinitis  pigmentosa  in  early  life  even  before  the 
appearance  of  changes  in  the  fundus,  and  abnormali- 
ties in  the  electrical  response  of  the  retina  have  been 
used  to  detect  obligate  carriers  of  the  X-linked  form 
of  the  disease.  In  addition,  the  electroretinogram, 
used  in  conjunction  with  fundus  reflectometry  and  a 
series  of  psychophysical  test  procedures,  has  made 
possible  in  some  instances  the  identification  of  the 
retinal  cell  types  affected  by  the  disease  process,  the 
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differential  diagnosis  of  subclasses  of  pathology,  and 
a  means  by  which  to  chart  the  spread  or  remission 
of  pathology  within  and  across  the  retina. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

The  recent  successes  of  the  nationwide  Diabetic 
Retinopathy  Study  and  the  Macular  Photocoagula- 
tion Study  illustrate  the  value  of  large-scale  clinical 
trials  in  assessing  new  treatments  for  ocular  disease. 
A  collaborative  effort  should  be  made  to  determine 
whether  "tight"  blood  glucose  control  in  diabetes  is 
effective  in  preventing  vascular  complications  such 
as  retinopathy.  In  addition,  basic  studies  are  needed 
to  further  understanding  of  retinal  vascular  diseases. 
For  instance,  tissue  culture  of  retinal  capillary  cells 
should  prove  useful  in  learning  how  these  cells 
become  abnormal  in  diabetic  retinopathy  and  other 
vascular  disorders,  and  the  study  of  capillary  endo- 
thelial cells  in  culture  may  permit  identification  of 
angiogenic  factors  that  contribute  to  the  formation 
of  new  vessels  on  the  surface  of  the  retina.  Methods 
to  study  retinal  blood  flow  require  refinement,  and 
improved  techniques  for  measuring  blood  oxygena- 
tion may  contribute  to  a  better  understanding  of  the 
etiology  of  retinal  vascular  disease. 

The  etiology  of  most  inflammatory  disorders  is 
still  unknown.  New  efforts  should  be  directed  to 
developing  methods  for  identifying  pathogens  in 
ocular  tissues.  Also,  specimens  of  affected  tissues 
should  be  examined  for  immunologic  factors,  be- 
cause it  is  likely  that  different  forms  of  uveitis  can 
be  distinguished  on  the  basis  of  the  immunologic 
components  participating  in  a  given  reaction.  More- 
over, there  is  a  need  to  analyze  genetic  factors  that 
may  predispose  some  individuals  to  specific  types  of 
inflammatory  disease. 

The  clinical  management  of  ocular  melanoma 
presents  a  serious  problem.  Randomized  controlled 
clinical  trials  are  needed  to  assess  the  effectiveness 
of  treatments.  It  is  important  to  standardize  cytolo- 
gic classification  of  these  tumors  and  to  determine 
whether  such  findings  can  be  correlated  with 
prognosis.  In  addition,  an  attempt  should  be  made  to 
identify  risk  factors,  such  as  sex,  age,  environmental 
exposure,  and  race,  that  may  be  associated  with  the 
incidence  of  ocular  tumors.  In  the  search  for  new 
methods  of  treatment,  a  human  choroidal  melanoma 
cell  line  should  be  established  for  biochemical, 
immunologic,  and  chemotherapeutic  studies.  A  cell 
line  should  be  established  also  for  retinoblastoma  to 
determine  whether  the  presence  of  vitamin  A 
receptor  sites  in  the  tumor  cells  can  be  used  to 
advantage  in  the  eradication  of  the  tumor  itself. 


Because  retinal  and  choroidal  degenerations  are 
often  genetic  in  origin,  there  is  a  need  to  identify 
specific  chromosomal  abnormalities  in  affected  indi- 
viduals, with  the  ultimate  goal  of  defining  and 
correcting  the  biochemical  defects  in  these  diseases, 
detecting  carriers,  and  developing  prenatal  tests  to 
identify  affected  offspring.  To  this  end,  intensive 
study  of  postmortem  human  donor  eyes  should  be 
encouraged.  Noninvasive  tests  should  be  used  to 
follow  the  natural  history  of  the  disease  process  and 
to  provide  a  better  understanding  of  the  underlying 
pathophysiologic  changes.  Basic  research  is  needed 
on  the  genetic,  antigenic,  and  environmental  factors 
that  cause  abnormal  blood  vessels  to  develop 
beneath  the  retina,  and  the  aging-related  biochemi- 
cal changes  in  Bruch's  membrane,  which  enable  the 
choroidal  vessels  to  grow  inward  beneath  the 
macular  region.  In  addition,  further  investigation  of 
possible  therapeutic  agents,  for  example,  alpha- 
adrenergic  blockers,  for  cystoid  macular  edema 
should  be  encouraged.  Clinical  trials  should  be 
continued  to  determine  the  long-term  results  of 
photocoagulation  treatment  in  the  management  of 
aging-related  maculopathy  (with  neovasculariza- 
tion) and  to  evaluate  its  usefulness  in  the  manage- 
ment of  the  presumed  ocular  histoplasmosis  syn- 
drome. 

Major  advances  in  the  treatment  of  retinal  detach- 
ment and  vitreous  disorders  will  depend  in  large 
measure  on  basic  research  into  the  development, 
metabolism,  permeability,  and  function  of  the  vitre- 
ous gel  in  normal  and  disease  states.  Particular 
emphasis  should  be  placed  on  studies  dealing  with 
the  factors  that  induce  membrane  formation  on  the 
surface  of  the  retina,  a  major  cause  of  failure  in 
retinal  detachment  surgery.  In  addition,  clarification 
of  the  role  of  the  retinal  pigment  epithelium  in 
producing  adhesive  forces  that  keep  the  retina  in 
place  may  provide  new  insights  into  the  causes  of 
retinal  detachment. 

Other  aspects  of  pigment  epithelial  cell  function 
are  equally  important  in  retinal  and  choroidal 
diseases.  A  great  deal  is  already  known  about  the 
cyclic  nature  of  the  receptor  outer  segment  renewal 
mechanism  and  the  role  of  the  retinal  pigment 
epithelium  in  phagocytizing  the  shed  discs.  Never- 
theless, important  questions  remain  concerning  the 
changes  that  occur  in  the  "older"  portions  of  the 
outer  segment,  the  trigger  mechanism  that  initiates 
shedding,  the  recognition  factor  that  leads  to  phago- 
cytic action,  and  the  changes  in  these  events  that 
occur  with  aging  and  in  retinal  disease.  The  trans- 
port properties  of  the  pigment  epithelium  across  the 
barrier  it  creates  between  the  choroidal  blood 
supply  and  the  visual  cells  require  further  study,  and 
additional  research  is  also  needed  to  determine  how 
this  barrier  is  affected  in  inflammatory  diseases, 
macular  degeneration,  and  other  retinal  disorders. 


Summary 


Studies  of  photoreceptor  physiology  and  the 
structure  and  function  of  rhodopsin  are  well  sup- 
ported and  making  excellent  progress.  However, 
greater  emphasis  is  needed  on  research  into  receptor 
metabolism,  in  particular  those  aspects  involving 
protein  transport,  the  regulatory  mechanisms  that 
govern  the  rates  of  disc  shedding  and  synthesis,  and 
the  interplay  of  photic  exposure  and  nutritional 
deficiencies  in  producing  visual  cell  death. 

Although  rapid  progress  has  been  made  toward 
providing  a  complete  description  of  the  functional 
organization  of  the  retina,  much  still  has  to  be 
learned  about  the  intricate  "wiring  diagram"  for 
retinal  neurons  and  the  chemical  messengers  that 
effect  neurotransmission  at  synaptic  junctions.  A 
large  number  of  substances  have  been  implicated  as 
retinal  neurotransmitters,  but  more  definitive  tests 
are  needed  to  establish  which  transmitters  are  used 
by  the  various  specific  types  of  retinal  cells,  deter- 
mine their  actions  on  postsynaptic  elements,  and 
locate  the  enzymatic  mechanisms  responsible  for 
their  synthesis  and  degradation.  It  is  also  essential  to 
define  the  role  of  the  retinal  microenvironment  in 
these  events,  in  the  processes  affecting  visual  adap- 
tation, and  in  the  generation  of  the  electroretino- 
gram.  Indeed,  the  cellular  origins  of  the  electroreti- 
nogram  may  soon  be  completely  identified,  and  the 
results  should  greatly  enhance  the  usefulness  of  this 
valuable  diagnostic  test. 

A  concerted  effort  should  be  made  to  develop 
sensitive,  easily  applied,  noninvasive  test  procedures 
directed  at  problems  relating  to  specific  disease 
entities.  Almost  every  area  of  clinical  investigation 
requires  better  noninvasive  methods  for  diagnosing 
pathological  conditions,  establishing  the  nature  of 
the  underlying  defect,  evaluating  visual  function, 
following  the  course  of  the  disease  process,  and 
assessing  the  efficacy  of  therapeutic  measures. 

The  risk  of  disease  from  exposure  to  toxic  and 
environmental  agents  that  are  damaging  to  the 
retina  needs  to  be  defined  through  carefully  con- 
trolled epidemiological  studies  relating  incidence 
and  extent  of  injury  to  degree  of  exposure.  Labora- 
tory studies  should  be  initiated  and  appropriate 
procedures  developed  for  assessing  drug  toxicity  to 
the  eye,  determining  the  routes  by  which  toxic 
agents  reach  the  retina  and  choroid,  and  localizing 
by  autoradiography  the  sites  at  which  the  various 
substances  act.  Moreover,  advantage  should  be 
taken  of  recent  progress  in  organ  and  tissue  culture 
to  test  the  ocular  toxicity  of  new  drugs  in  vitro 
before  their  release  for  public  use. 

It  is  essential  to  take  greater  advantage  of 
extensive  current  research  on  the  growth,  regenera- 
tion, and  plasticity  of  nerve  cells  in  the  brain  and 
spinal  cord,  and  explore  the  possibility  of  applying 
the  results  of  such  studies  to  the  treatment  of  retinal 
and  optic  nerve  injuries.  Although  there  is  increas- 
ing interest  in  the  pathogenetic  mechanisms  under- 


lying retinal  degenerations,  little  attention  has  been 
paid  to  factors  that  might  promote  the  survival  of 
nerve  cells  and  prevent  the  harmful  proliferation  of 
glial  elements  in  the  retina.  At  the  cellular  level,  the 
initiation  and  control  of  axoplasmic  transport  needs 
to  be  defined  further,  and  the  relationships  between 
events  occurring  at  the  cut  end  of  an  axon  and  the 
cell  body  need  to  be  determined  to  find  ways  to 
enhance  axonal  regrowth. 

The  acquisition  and  distribution  of  human  donor 
eyes  and  animal  models  with  inbred  or  acquired 
ocular  pathology  represents  another  broad-based 
research  need  that  applies  to  a  variety  of  diseases 
involving  the  retina  and  choroid.  Programs  for 
obtaining  human  donor  eyes  as  soon  as  possible  after 
death  should  be  encouraged,  and  the  special  proto- 
cols to  be  followed  for  specific  needs  should  be  well 
defined  and  distributed  to  all  participants.  The 
development  of  new  animal  models  of  the  various 
disease  categories  is  urgently  needed,  as  well  as 
adequate  facilities  to  breed  these  animals  for  inter- 
ested investigators. 


TRAINING  AND 
MANPOWER  NEEDS 


The  realization  of  the  above  research  goals  and 
fulfillment  of  the  foregoing  needs  will  depend  on 
the  availability  of  a  dedicated  cadre  of  well-trained, 
innovative  investigators.  It  is  hoped  that,  spurred  by 
this  report  and  by  the  astonishing  pace  of  techno- 
logical advance,  a  reorientation  of  many  established 
vision  scientists  toward  new  areas  of  opportunity 
will  occur.  But  this  will  not  be  enough.  To  a 
significant  extent,  real  progress  will  depend  on  the 
attraction  to  vision  research  of  new  investigators 
with  special  skills.  Opportunities  have  been  high- 
lighted in  the  Plan  for  scientists  trained  in  the  basic 
research  areas — neuroscience,  molecular  biology, 
pharmacology,  physiology,  biomedical  engineering, 
optics,  psychophysics,  and  immunology — to  apply 
their  talents  and  skills  to  problems  in  vision  re- 
search. There  is  also  a  great  need  for  the  clinician 
investigator  who  is  uniquely  trained  to  recognize 
opportunities  for  research  on  human  diseases  and  to 
formulate,  design,  and  carry  out  projects  to  capita- 
lize upon  them.  Increasingly,  clinically  relevant 
questions  can  be  asked  at  the  cellular  and  molecular 
level;  thus,  the  need  for  the  interaction  of  well- 
trained  basic  science  and  clinician  investigators  and 
the  pooling  of  their  diverse  talents  is  clear. 

Special  attention  should  be  placed  on  training 
investigators  in  the  following  areas  as  they  relate  to 
research  on  the  disorders  of  the  retina  and  choroid: 
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Genetics  and  molecular  biology; 

Immunology; 

Nutrition  and  metabolism; 

Pharmacology  and  toxicology; 

Control  of  cellular  proliferation; 

Epidemiology  and  biostatistics; 

Neuroscience  (retinal  development,  regeneration, 
and  plasticity);  and 

Noninvasive  tests  of  retinal  function. 


SUMMARY  OF  1983-1987 

RECOMMENDED 

PROGRAM 

DEVELOPMENT 

PRIORITIES 

The  Panel's  specific  recommendations  for  priority 
areas  within  each  subprogram  are  included  in  the 
respective  chapters  of  this  volume.  These  recom- 
mendations should  serve  as  a  guide  and  are  not 
intended  to  stifle  innovative  projects  that  offer 
promise  of  important  breakthroughs  for  the  preven- 
tion and  cure  of  chorioretinal  diseases.  They  are 
based  on  an  assessment  by  the  Panel  members  and 
their  consultants  of  the  current  state  of  knowledge 
of  the  areas  most  likely  to  yield  significant  informa- 
tion relating  to  the  goals  of  the  overall  program.  In 
summary,  the  Panel  recommends  that: 

■  Fundamental    research    studies    continue    to   be 
pursued  vigorously  in  the  following  areas: 

•  The  structure,  biochemistry,  metabolism,  and 
physiology  of  the  visual  cells  and  pigment 
epithelium  with  special  emphasis  on  their 
functional  interactions  and  regional  differences 
throughout  the  retina. 

•  The  development  and  functional  organization 
of  the  retina  and  the  identification  of  its 
synaptic  mediators  and  adaptive  mechanisms. 

•  The  characteristics  of  the  normal  retinal  and 
choroidal  circulation  and  the  etiology  and 
pathogenesis  of  the  changes  that  occur  in 
diabetic  retinopathy  and  other  vascular  disor- 
ders. 

•  The  composition,  metabolism,  and  permeabil- 
ity of  the  vitreous  gel,  and  the  changes  that 
occur  with  new  vessel  formation,  vitreous 
banding,  and  retinal  detachment. 


•  The  nature  and  origin  of  ocular  neoplasms. 

•  The  genetic  and  biochemical  changes  associat- 
ed with  inherited  retinal  disorders  and  other 
chorioretinal  diseases. 

•  The  use  and  further  development  of  noninva- 
sive methods  for  the  study  of  retinal  and 
choroidal  function  in  normal  and  in  pathologi- 
cal conditions. 

•  Identification,  development,  and  maintenance 
of  appropriate  animal  models  of  the  various 
acquired,  developmental,  and  hereditary  reti- 
nal and  choroidal  diseases. 

Special    attention    be    given    to    the    following 
neglected  areas  of  research: 

•  Macular  degeneration — especially  with  regard 
to  aging-related  changes  in  Bruch's  membrane, 
the  formation  of  abnormal  new  blood  vessels, 
and  the  metabolism  of  the  pigment  epithelium- 
photoreceptor  complex  within  the  macular 
area. 

•  The  cellular  mechanisms  that  contribute  to  the 
adhesive  forces  between  the  retina  and  pig- 
ment epithelium  and  the  factors  that  may 
contribute  to  retinal  detachment. 

•  The  role  of  the  blood-retinal  barrier  in  macu- 
lar degeneration,  retinal  detachment,  vasopro- 
liferative  retinopathies,  and  ocular  toxicity  to 
drugs. 

•  The  role  of  the  immune  system  in  the  develop- 
ment of  inflammatory  disease,  retinal  degener- 
ation, and  ocular  tumors. 

•  The  identification  of  infectious  agents  and  the 
determination  of  the  role  of  autoantigens  in  the 
induction  of  inflammatory  disease. 

•  Nerve-glial  cell  interaction  in  relation  to  the 
functional  and  regenerative  properties  of  the 
retinal  neurons,  and  the  origins  of  the  electro- 
retinogram. 

•  The  development  of  tissue  culture  methods  for 
the  study  of  ocular  drug  toxicity,  ocular 
tumors,  and  degenerative  diseases  of  the 
retina. 

•  Retinal  disorders  resulting  from  toxic,  envi- 
ronmental, and  nutritional  factors. 

•  Methods  to  prolong  retinal  survival  and  the 
factors  that  contribute  to  rescue  and  regenera- 
tion of  nerve  cells  in  the  retina  and  optic 
nerve. 

•  The  effects  of  photic  exposure  and  the  aging 
process  on  the  visual  and  pigment  epithelial 
cells. 
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Summary 


Controlled  clinical  trials  be  conducted  to  evalu- 
ate the  effectiveness  of  promising  new  treatments 
for  retinal  and  choroidal  diseases. 


IMPLEMENTATION  OF 
THE  PLAN 

The  individual,  investigator-initiated,  NIH  research 
project  grant  continues  to  be  the  National  Eye 
Institute's  predominant  and  highest  priority  funding 
mechanism.  Therefore,  the  successful  implementa- 
tion of  the  recommendations  of  the  Retinal  and 
Choroidal  Diseases  Panel,  as  well  as  those  of  the 
other  Panels  that  have  contributed  to  Vision 
Research— A  National  Plan:  1983-1987,  will  depend 
largely  upon  investigators  submitting  grant  applica- 
tions for  research  in  the  scientific  areas  the  Panel 
has  identified  for  emphasis.  Because  scientific  merit, 


as  evaluated  by  the  traditional  NIH  peer  review 
system,  will  continue  to  be  the  principal  determi- 
nant of  which  approved  grant  proposals  the  NEI 
will  fund,  those  approved  applications  having  the 
best  "priority"  scores  assigned  by  NIH  initial 
review  groups  will  be  funded.  Applications  with 
mid-range  scores  will  be  paid  as  funds  are  available; 
however,  some  may  be  specifically  designated  by 
the  Council  as  having  "High  Program  Relevance" 
(that  is,  fulfilling  one  of  the  Plan's  recommenda- 
tions, especially  in  an  area  of  research  considered  to 
be  underfunded),  and  are  recommended  for  place- 
ment in  a  more  favorable  position  for  funding. 
Applications  with  poorer  scores  will  not  be 
funded — even  if  they  propose  research  on  a  topic 
the  Panel  has  judged  to  be  in  need  of  additional  or 
new  support  (Chart). 

By  using  such  a  system,  NEI  supports  scientific 
excellence,  innovation,  and  creativity  while  carry- 
ing out  its  mission  of  supporting  research  aimed  at 
alleviating  blindness  and  visual  disability.  The  Na- 


Scientific  Community 


Implementation  measures: 

•  Distribution  of  Plan 

•  Program  Announcements 

•  Requests  for  Applications/ 

Proposals 

•  Scientific  workshops 

•  Other  NEI  staff  activities 


Grant  proposals 
developed  not 

specificially  in 
response  to  Plan 
(may  or  may  not  be 
related  to  NEI 
program  priorities) 


Grant  proposals 
developed  in 
response  to  Plan's 
recommendations 


Vision  Research  National  Plan 


National  Advisory  Eye 

Council  selects  program  priorities 


Panels  of  experts  assess  NEI 
program,  periodically  identify 
current  research  needs  and 
opportunities,  and  recommend 
program  priorities 


PROCESS  STARTS  HERE 


PERFORMER 


Grant 

applications 
submitted 
to  NIH 


H    Initial  Review 
Group* 
I ft 


Scientific  merit  priority  scores  assigned 


National  Advisory 
Eye  Council 


High  priority     II  Mid-range  M  Low  priori t} 

H  Concur  I   High  I  Concur      M  Concur 

■    Program    ■ 

I   Funded  I  Awarded  asM 

■  lands  are     I 

n  _     jwii,_"  n 


\ 


Computerized  data  base  of  all  applications, 
whether  approved  or  disapproved,  funded  or 
unfunded,  coded  according  to  relevance  to  NEI 
Program  Base  or  Program  Development  Priorities 


Periodic  reports  on 
Plan's  implementation 


■  Sludy  Sections  of  NIH  Division  of  Research  Grants  or  NEI  Vision  Research  Program  Commiuec 


CHART.  National  Eye  Institute  Program  Planning  System.  Both  the  NIH 
scientific  merit  priority  scores  and  the  program  priorities  established  in  the 
National  Plan  help  determine  which  grant  applications  NEI  will  fund.  All 
applications  with  high  scientific  merit  priority  scores  are  funded  regardless 
of  their  relevance  to  program  priorities.  Some  applications  with  mid-range 
scores  and  judged  to  be  highly  relevant  to  program  priorities  are  singled 
out  and  placed  in  a  better  funding  position  than  they  would  have  been  on 
the  basis  of  the  score  alone. 
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Retinal  and  Choroidal  Diseases 


tional  Advisory  Eye  Council  will  monitor  the 
responses  of  the  research  community  to  the  recom- 
mendations in  the  Plan  as  well  as  new  research 
advances  and  developing  opportunities,  and  recom- 
mend to  the  NEI  staff  on  a  regular  basis  what 
further  implementation  measures  or  changes  in 
program  priorities  may  be  required.  For  further 
discussion  of  the  Plan's  development  and  implemen- 
tation, see  Volume  One,  The  1983  Report  of  the 
National  Advisory  Eye  Council. 


RESOURCE 
REQUIREMENTS 

The  following  table  presents  a  summary  of  the 
Panel's  estimates  of  the  number  of  grants  necessary 
to  carry  out  its  recommendations  for  each  of  the 
Retinal  and  Choroidal  Diseases  subprograms  in  FY 
1983.  The  actual  number  and  cost  of  grants  funded 
in  each  subprogram  in  FY  1981  (the  base  year  of  the 
Plan)  are  shown  in  the  first  column.  The  second 
column  indicates  the  number  of  additional  (or 
fewer)  grants  the  Panel  believes  should  be  funded  in 
each  subprogram  through  the  end  of  FY  1983,  based 
on  an  analysis  of  current  research  and  of  future 
needs  and  opportunities.  The  total  number  of  grants 
for  FY  1983  for  each  subprogram  indicated  in  the 
third  column  is  the  estimated  sum  of  new  and 
continuing  awards  to  be  made  in  that  year  along 
with  an  estimate  of  their  cost. 

For  example,  the  first  line  of  the  table  shows  that 
51  grants  were  actually  awarded  in  FY  1981  for 
Diabetic  Retinopathy,  Sickle  Cell  Retinopathy,  and 
Other  Vascular  Abnormalities.  Because  about  one- 
third  of  all  NEI  grants  terminate  in  any  given  year, 
in  making  its  estimates  for  1983  the  Panel  assumed 
that  about  17  of  the  51  projects  funded  in  FY  1981 
would  terminate  in  that  year,  thereby  making  funds 
available  for  new  or  renewal  grants  in  this  subpro- 
gram in  1982  and  that  another  17  would  terminate  in 
that  year.  The  Panel  then  judged  that  an  additional 
9  grants  would  be  required  by  1983  to  meet  its 
recommendations  in  this  subprogram.  Therefore,  of 
the  total  of  60  projected  awards  in  this  subprogram 
for  FY  1983,  approximately  17  would  be  ongoing 
and  43  would  be  new  or  renewal  awards  to  be 
funded  during  FY  1982  and  FY  1983.  Thus,  even  in 
those  subprograms  for  which  the  Panel  projected 
fewer  grants  by  FY  1983  than  were  funded  in  FY 
1981,  the  potential  still  exists  for  awarding  new 
research  projects  in  areas  indicated  for  emphasis. 


The  actual  number  of  grants  funded  in  these  areas 
may  of  course  be  either  more  or  less  than  these 
projections  indicate,  depending  on  the  quality,  kind, 
number,  and  costs  of  the  grant  applications  NEI 
receives  and  the  actual  availability  of  funds.  Con- 
cerning funding,  it  must  be  emphasized  that  the  six 
Panels'  dollar  estimates  for  FY  1983  do  not  neces- 
sarily indicate  what  the  actual  National  Eye  Insti- 
tute extramural  research  budget  will  be  for  that 
year.  However,  because  the  Panels'  estimates  are 
based  upon  detailed  documentation  of  projected 
research  needs  and  costs,  it  is  hoped  that  those  in 
the  Executive  and  Legislative  branches  of  the 
Government  who  make  the  final  decisions  concern- 
ing the  NEI  budget  will  use  them  in  making 
informed  judgments  about  the  resources  required 
for  the  support  of  vision  research.  In  making  these 
estimates  the  Panels  took  into  account  the  following 
factors  for  each  category  of  research  considered: 

■  Degree  of  relevance  to  the  program's  goals  and 
objectives 

■  Current    level    of  support    by    NEI   and   other 
organizations 

■  Recent  research  accomplishments 

■  Potential  for  future  development 

■  Availability  of  trained  manpower 

■  Likelihood  of  significant  progress  over  the  next 
three  to  five  years. 

The  Panel  recognizes  that  in  addition  to  scientific 
judgments,  social,  economic,  and  political  consider- 
ations will  shape  the  final  NEI  budget  for  each  year. 
Therefore,  no  attempt  has  been  made  in  this  report 
to  make  detailed  resource  estimates  beyond  FY 
1983,  although  the  Council  has  projected  an  overall 
budget  for  the  NEI  through  FY  1985  {Volume  One). 
The  Panel  understands  that  in  the  future,  the 
Council,  with  the  assistance  of  scientists  knowledge- 
able in  areas  of  research  supported  by  the  NEI,  will 
provide  more  detailed  estimates  for  the  remaining 
years  of  the  Plan  based  on  actual  budgetary  experi- 
ence and  ongoing  analyses  of  research  progress.  In 
this  way  the  plan  will  be  modified  as  necessary  on  a 
year-to-year  basis. 

At  the  end  of  each  chapter  in  this  report, 
subprogram  tables  show  how  the  estimates  shown  in 
the  following  summary  table  have  been  derived 
from  estimates  for  each  research  category  included 
in  each  subprogram's  Program  Base  and  the  Pro- 
gram Development  Priorities. 
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SUMMARY 
RESOURCE  TABLE 

(Dollars  in  Thousands) 


Subprograms 


FY  1981 

Grants* 

Cost 


Summary 


Panel  Recommendation  FY  83 


Add.  Grants 
Cost 


Total  Grants 
Cost** 


1.  VASCULAR,  INFLAMMATORY, 
AND  NEOPLASTIC  DISORDERS  OF 
THE  RETINA  AND  CHOROID 


a.  Diabetic  Retinopathy,  Sickle  Cell 
Retinopathy,  and  Other  Vascular 
Abnormalities 

b.  Inflammatory  Disorders 

c.  Tumors 

2.  DEGENERATIVE  DISORDERS  OF 
THE  RETINA 

a.  Developmental  and  Hereditary  Disorders 

b.  Macular  Degeneration 

c.  Retinal  Detachment  and  Vitreous 
Disorders 

d.  Toxic  and  Environmental  Disorders 


3.  FUNDAMENTAL  PROCESSES 
AND  RETINAL  DISORDERS 

a.  Retinal  Pigment  Epithelium 

b.  Photoreceptors,  Visual  Pigments,  and 
Phototransduction 

c.  Retinal  Organization,  Neuro- 
transmission, and  Adaption 


51 

$5,127 

(13%) 

9 
$1,131 

(8%) 

60 

$6,300 

(12%) 

14 
$1,558 

(4%) 

11 

$1,067 

(10%) 

25 
$2,625 

(5%) 

18 
$1,887 

(5%) 

11 
$1,158 

(10%) 

29 
$3,045 

(6%) 

42 
$3,809 

(11%) 

17 
$2,386 

(15%) 

59 
$6,195 

(12%) 

18 
$1,418 

(5%) 

16 
$2,152 

(14%) 

34 
$3,570 

(7%) 

18 

$1,722 

(5%) 

9 

$1,113 

(8%) 

27 
$2,835 

(5%) 

2 
$91 

(1%) 

2 
$329 

(2%) 

4 
$420 

(1%) 

24 
$1,931 

(6%) 

13 
$1,954 

(12%) 

37 
$3,885 

(8%) 

112 
$9,514 

(29%) 

0 
$2,246 

(0%) 

112 
$11,760 

(23%) 

64 

$4,729 

(16%) 

7 
$2,726 

(6%) 

71 
$7,455 

(14%) 

*  Includes  R01,  R10,  R23,  P50,  K04,  and  K07  mechanisms. 
**  Estimated  average  cost  of  grants  in  Retinal  and  Choroidal 
Diseases  program  for  FY  1983  is  $105,000. 
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SUMMARY 
RESOURCE  TABLE 

(Dollars  in  Thousands) 


Subprograms/Areas 


FY  1981 

Grants* 

Cost 


Panel  Recommendation  FY  83 


Add.  Grants 
Cost 


Total  Grants 
Cost** 


3.  FUNDAMENTAL  PROCESSES  AND 
RETINAL  DISORDERS  (Continued) 

d.  Glial  Cells  and  the  Retinal 
Microenvironment 

e.  Rescue  and  Regeneration  of  Neurons 
in  the  Optic  Nerve  and  Retina 

4.  RELATED  AREAS  OF 
RESEARCH  OPPORTUNITY  AND 
NEED 

a.  Noninvasive  Techniques  in  the  Study 
of  Retinal  Disorders 

b.  Tissue  Acquisition  and  Distribution: 
Human  Donor  Eyes  and  Animal 
Models 


6 

$437 

(1%) 

3 
$508 

(3%) 

9 

$945 

(2%) 

2 
$136 

(1%) 

5 
$599 

(5%) 

7 
$735 

(1%) 

10 

$1,176 

[0] 


(3%) 


$714 
[6] 


(7%) 


18 

$1,890 

[6] 


(4%) 


Total 


381  (100%)  111  (100%)  492 

$33,535  $18,083  $51,660 


(100%) 


*  Includes  R01,  R10,  R23,  P50,  K04,  and  K07  mechanisms. 
**  Estimated  average  cost  of  grants  in  Retinal  and  Choroidal 

Diseases  program  for  FY  1983  is  $105,000. 
***  Grants  counted  elsewhere  within  Retinal  and  Choroidal 
Diseases. 
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VASCULAR, 
INFLAMMATORY, 
AND  NEOPLASTIC 
DISORDERS  OF 
THE  RETINA 
AND  CHOROID 


1 


DIABETIC 

RETINOPATHY, 

SICKLE  CELL 

RETINOPATHY, 

AND  OTHER 

VASCULAR 

ABNORMALITIES 

INTRODUCTION 


THE  RETINA  HAS  tremendous  requirements  for 
glucose,  oxygen,  and  other  nutrients  that  must  be 
supplied  by  a  well-functioning  vascular  system. 
Unfortunately,  diseases  of  the  retinal  and  choroidal 
vascular  systems  are  common,  and  they  are  major 
causes  of  visual  disability  and  blindness. 

Diabetic  retinopathy,  a  frequent  complication  of 
diabetes,  is  the  most  important  disease  of  the  retinal 
vasculature.  Estimates  by  the  National  Society  to 
Prevent  Blindness, 1  based  on  unpublished  data  from 
the  Model  Reporting  Area  for  Blindness  Statistics, 
list  diabetic  retinopathy  as  the  fifth  leading  cause  of 
blindness,  accounting  for  approximately  4,700  new 
cases  in  1978  and  an  estimated  32,600  existing  cases 
in  that  year.  Diabetic  retinopathy  is  the  leading 
cause  of  new  cases  of  blindness  among  persons  aged 
20  to  74  years,  and  among  individuals  aged  45  to  74 
years,  it  is  the  second  leading  cause  of  blindness. 
Diabetes  accounted  for  about  12.5  percent  of  new 
cases  of  blindness  in  1978,  and  other  vascular 
diseases  of  the  retina  an  additional  2.2  percent.  The 
other  retinal  vascular  diseases  that  are  important 


causes  of  visual  disability  are  retrolental  fibroplasia, 
sickle  cell  retinopathy,  retinal  vein  occlusions,  and 
hypertensive  and  atherosclerotic  vascular  disease. 

New  blood  vessel  formation  arising  from  the 
choroidal  capillaries  may  cause  substantial  damage 
in  aging-related  maculopathy  and  other  macular 
disorders,  which  are  discussed  elsewhere  (see  Chap- 
ter 5,  "Macular  Degeneration").  Major  occlusive 
disease  of  the  choroidal  vascular  supply  is  infre- 
quent, but  causes  extensive  retinal  damage  when  it 
occurs.  In  addition,  the  vascular  supply  to  the  optic 
nerve,  derived  from  the  choroidal  system,  may  be 
interrupted  in  anterior  ischemic  optic  neuropathy. 

Clinical  observations,  including  serial  examina- 
tions with  the  ophthalmoscope,  sequential  retinal 
photography,  and  fluorescein  angiography  (see 
below),  have  indicated  at  least  three  major  abnor- 
malities that  in  various  combinations  characterize  all 
of  the  retinal  vascular  diseases.  They  are  retinal 
vascular  leakage,  retinal  vascular  closure,  and  new 
blood  vessel  formation  (neovascularization).  Further 
elaboration  of  these  abnormalities  follows,  prefaced 
by  a  brief  description  of  the  normal  blood  supply  to 
the  retina. 

The  retina  is  supplied  by  two  major  systems  of 
blood  vessels.  Its  inner  layers  of  nerve  and  support- 
ing (glial)  cells  are  supplied  by  the  retinal  circula- 
tion, which  in  humans  consists  of  branches  of  one 
main  feeder  trunk,  the  central  retinal  artery,  and  one 
main  collecting  trunk,  the  central  retinal  vein. 
Branches  of  these  major  vessels  are  arterioles, 
venules,  and  the  smallest  blood  vessels  of  all,  the 
capillaries,  which  have  a  caliber  only  sufficiently 
wide  to  allow  passage  of  blood  cells  in  single  file 
(Figure  1). 

The  second  circulatory  system,  the  choroidal 
circulation,  nourishes  the  outer  layer  of  cells  of  the 
neural  retina  (the  rods  and  cones)  and  the  retinal 
pigment  epithelium.  This  system  consists  of  the 
three  layers  of  choroidal  vessels.  The  innermost 
vascular  layer,  the  choroidal  capillaries  (or  chorio- 
capillaris),  is  adjacent  to  the  pigment  epithelium. 
These  capillaries  are  of  wider  caliber,  and  are  much 
more  closely  packed  than  are  the  capillaries  of  the 
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FIGURE  1.  A  frame  from  a  fluorescein  angiogram  study  of  a  norma] 
subject.  The  arteries  (A)  have  filled  early  in  the  study  and  fluoresce 
uniformly.  A  vein  (V)  began  to  fill  later  and  has  a  striped  appearance  with 
two  peripheral,  fluorescent  layers  of  blood  surrounding  a  central,  dark 
(nonfluorescent)  layer.  This  "laminar  flow"  pattern  is  typical  of  retinal 
venous  filling.  Fine  capillaries  (C)  surround  the  central,  dark  foveola 
which  is  devoid  of  blood  vessels.  The  capillaries  have  a  pattern  much  like 
a  spiderweb.  The  mottled  fluorescence  beneath  these  retinal  vessels  comes 
from  blood  filling  the  choroidal  capillaries.  The  mottled  appearance  is 
caused  in  part  by  melanin  pigment  in  the  retinal  pigment  epithelium,  which 
partially  blocks  the  choroidal  capillary  fluorescence,  particularly  in  the 
center  of  the  fovea. 


retina,  and  their  volume  flow  of  blood  is  much 
greater  than  is  that  in  the  retinal  circulation. 
Moreover,  by  electron  microscopy,  it  can  be  shown 
that  their  lining  cells  (endothelial  cells)  have  multi- 
ple holes  (fenestrae)  to  allow  ready  passage  of  even 
rather  large  molecules.  By  contrast,  the  retinal 
vessels  have  a  tight  endothelial  lining,  which  nor- 
mally serves  as  a  barrier  to  many  substances  in  the 
bloodstream.  External  to  the  choriocapillaris  are 
two  additional  layers  of  choroidal  vessels,  consisting 
of  arteries  and  veins  (Figure  2). 

Normally,  a  tight  barrier  prevents  the  free  ex- 
change of  blood  components  between  the  circula- 
tory system  and  other  retinal  tissues.  This  blood- 
retinal  barrier  is  formed  by  the  endothelial  cells 
lining  the  retinal  blood  vessels  and  by  the  cells  of 
the  retinal  pigment  epithelium,  and  appears  to  be 
essential  for  normal  retinal  function.  Disruption  of 
this  barrier  occurs  in  diabetic  retinopathy,  retinal 
vein  occlusions,  and  other  diseases.  Gross  leakage  of 
fluid  and  molecules  into  the  retina  results  in  edema 
of  the  macula,  with  substantial  loss  of  central  vision. 

An  important  goal  is  to  determine  the  cellular 
mechanisms  by  which  these  leaks  occur  and  to 
discover  means  to  prevent  them.  Possible  mecha- 
nisms include  a  breakdown  of  the  specialized  tight 
junctions  between  vascular  endothelial  cells  and 
between  cells  of  the  retinal  pigment  epithelium 
(Figure  3)  (see  Chapter  8,  "Retinal  Pigment  Epithe- 
lium"), a  pathologic  increase  in  bulk  transfer  of 
molecules  by  the  process  of  pinocytosis  (Figure  4), 
an  alteration  of  specialized  molecular  pumps  in  cell 
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FIGURE  2.  A  cross  section  through  a  normal  human  retina  as  viewed 
through  a  microscope.  The  various  cell  layers  of  the  retina  and  adjacent 
tissues  are  indicated:  nerve  fiber  layer  (n);  ganglion  cell  layer  (g);  inner 
plexiform  layer  (ip);  inner  nuclear  layer  (in);  outer  plexiform  layer  (op); 
outer  nuclear  layer  (on);  retinal  receptor  layer  (r)  (rods  and  cones);  retinal 
pigment  epithelium  (rp);  sclera  (S).  Blood  vessels  are  found  in  all  retinal 
layers  from  the  inner  nuclear  layer  to  the  nerve  fiber  layer.  Larger  vessels 
(in  this  case,  venules)  are  indicated  by  (V),  while  capillaries,  barely  visible 
in  this  photograph,  are  indicated  by  (c).  The  choroid  is  a  richly  vascular 
tissue.  The  fine  capillary  vessels  of  the  choroid  (cc)  occupy  a  single  layer 
just  beneath  the  retinal  pigment  epithelium.  Two  layers  of  larger  choroidal 
vessels  (cv)  lie  beneath  the  capillaries.  (Magnification:  X250.)  (Courtesy  of 
Kami  W.  Frank,  M.D.,  Department  of  Pathology,  Wayne  State  Universi- 
ty School  of  Medicine.) 


membranes,  or  simple  anatomical  alterations  in 
endothelial  cells  such  that  they  become  thin  and 
fenestrated  (Figure  5). 

Closure  of  retinal  vessels  may  be  expected  to 
cause  major  alterations  in  retinal  function.  Occlu- 
sion of  the  central  retinal  artery,  or  of  one  of  its 
branches,  usually  by  an  atheromatous  embolus 
released  from  the  heart  or  carotid  arteries,  may 
cause  sudden,  severe  visual  loss.  Occlusion  of  the 
central  retinal  vein,  or  of  one  of  its  branches,  may 
also  cause  rapid  diminution  of  vision,  ranging  from 
moderate  to  very  severe.  Later  sequelae  of  retinal 
venous  occlusion  may  include  retinal  neovasculari- 
zation and  hemorrhage  or,  particularly  with  occlu- 
sion of  the  central  retinal  vein,  neovascularization  of 
the  anterior  segment  of  the  eye.  This  latter  condi- 
tion can  bring  about  a  decrease  in  aqueous  humor 
drainage  and  intractable  glaucoma. 

Closure  of  retinal  capillaries  does  not  produce 
such  dramatic  symptoms,  but  the  long-term  effects 
may  be  almost  as  harmful  to  vision.  The  combina- 
tion of  retinal  fluorescein  angiography  with  special 
digest  preparations  of  retinal  blood  vessels,  obtained 
postmortem  or  after  surgical  enucleation  of  the  eye, 
has  shown  that  retinal  capillaries  become  functional- 
ly occluded  when  they  have  lost  all  of  their 
constituent  cells  (endothelial  cells  and  pericytes) 
and  become  simply  empty  tubes  of  basement  mem- 
brane (Figure  6).  Alternatively,  microthrombi  com- 
posed of  blood  platelets  and  fibrin  may  occlude 
capillaries.    Because    the    retina    has    the    highest 
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FIGURE  3.  The  blood-retinal  barrier  prevents  profuse  leakage  of 
intravascular  contents  into  the  nerve  and  supporting  (glial)  cells  of  the 
retina.  It  consists  of  the  endothelial  cells  lining  the  retinal  blood  vessels, 
the  cells  of  the  retinal  pigment  epithelium,  and  occluding  intercellular 
junctions  between  the  cells,  preventing  leakage  of  molecules  between 
them.  (A)  An  electron  microscopic  photograph  of  a  retinal  capillary  from 
a  rat,  showing  two  tight  junctions  between  endothelial  cells.  A  larger 
junctional  complex  (TJ)  is  seen  as  the  irregular,  linear  density  at  the  upper 
left.  A  smaller  tight  junction  is  enclosed  in  the  rectangle  at  the  lower  right. 
The  uniform,  comma-shaped  density  at  the  center  is  a  red  blood  cell  in  the 
capillary  lumen  (X  10,000).  (B)  An  enlargement  (X60.000)  of  the  area 
enclosed  by  the  rectangle  in  (A).  The  tight  junction  (TJ)  is  near  the 
capillary  lumen,  joining  the  apices  of  the  two  endothelial  cells.  Note  the 
densifications  of  the  cell  membranes  adjoining  the  junction,  and  the  fine, 
linear  density  running  through  the  middle  of  the  junction  causing  it  to 
have  a  pentalaminar  appearance  with  three  dense  zones  alternating  with 
two  lighter  ones.  BM  =  capillary  basement  membrane.  (C)  A  section  near 
the  apices  of  two  retinal  pigment  epithelial  cells  from  a  rat,  showing  a 
junctional  complex  between  them.  TJ  =  tight  junction  (X50.000).  (Figure 
3C  courtesy  of  Edward  Essner,  Ph.D.,  Kresge  Eye  Institute,  Wayne  State 
University  School  of  Medicine.) 
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oxygen  requirement  of  any  tissue  in  the  body,  as 
well  as  high  requirements  for  glucose  and  other 
metabolites,  loss  of  the  blood  supply  even  to  a  small 
region  of  retina  may  be  expected  to  have  serious 
consequences.  One  important  current  hypothesis, 
amplified  below,  is  that  extensive  areas  of  retinal 
capillary  nonperfusion  may  in  some  way  stimulate 
the  growth  of  abnormal  new  blood  vessels.  Capil- 
lary nonperfusion  may  be  demonstrated  in  diabetic 
retinopathy,  sickle  cell  retinopathy,  retinal  vein 
occlusions,  retrolental  fibroplasia,  and  other  dis- 
eases. Current  research  is  attempting  to  discover  the 
causes  of  retinal  capillary  cell  death  in  diabetes  and 
other  diseases,  to  elucidate  the  relationship  between 
altered  platelet  aggregation  and  diabetic  retinopa- 
thy, and  to  determine  if  normalizing  this  increased 
aggregability  can  prevent  the  retinopathy  from 
progressing.  Attempts  are  also  being  made  to 
produce  models  of  capillary  nonperfusion  in  the 
retinal  circulation  of  laboratory  animals. 

Closure  of  choroidal  vessels,  a  less  commonly 
recognized  condition,   may  also  have  devastating 


consequences.  This  is  particularly  true  when  the 
nutrient  vessels  to  the  optic  nerve,  derived  from  the 
posterior  ciliary  arteries  (a  part  of  the  choroidal 
circulation),  become  impaired.  Such  choroidal  vas- 
cular disease  occurs  in  anterior  ischemic  optic 
neuropathy,  a  disorder  of  unknown  cause,  which 
frequently  results  in  severe  loss  of  vision  in  the 
elderly.  Anterior  ischemic  optic  neuropathy  is  often 
found  in  cranial  (temporal)  arteritis,  in  which  an 
inflammatory  process  affects  the  small  arteries  of 
the  scalp,  brain,  and  optic  nerve.  If  it  is  detected 
early,  cranial  arteritis  may  be  treated  with  cortico- 
steroids and  vision  salvaged,  but  there  is  no  effec- 
tive treatment  for  other  forms  of  anterior  ischemic 
optic  neuropathy. 

New  blood  vessel  formation  from  the  retinal  and 
choroidal  circulations  may  be  a  serious  consequence 
of  many  eye  diseases. 2  Retinal  neovascularization 
occurs  in  diabetic  retinopathy,  sickle  cell  retinopa- 
thy, retinal  vein  occlusions,  and  retrolental  fibropla- 
sia, to  name  just  the  most  important  causes.  Choroi- 
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FIGURE  4.  An  electron  micrograph  of  a  retinal  capillary  from  a  rat 
showing  multiple  micropinocytotic  vesicles  (p),  which  appear  as  round, 
lucent  vacuoles  throughout  the  endothelial  cell  cytoplasm.  These  appear 
to  be  a  mechanism  for  transporting  molecules  across  the  blood-retinal 
barrier,  and  in  this  particular  cell,  they  are  very  numerous.  E  = 
endothelial  cell  nucleus,  bm  =  capillary  endothelial  basement  membrane. 
RBC  =  red  blood  cell  within  the  capillary  lumen  (XI  5,000). 


dal  neovascularization  occurs  in  aging-related  macu- 
lopathy,  the  presumed  ocular  histoplasmosis  syn- 
drome, and  in  several  other  macular  diseases.  The 
blinding  consequences  of  retinal  neovascularization 
may  be  hemorrhage  into  the  vitreous  and  the 
formation  of  fibrous  scar  tissue  surrounding  the  new 
vessels.  The  fibrous  tissue  may  contract,  causing  the 
retina  to  become  detached.  Hemorrhage  from  chor- 
oidal neovascularization  causes  marked  loss  of 
central  vision,  which  often  becomes  permanent  after 
formation  of  the  typical  circular  (disciform)  scar 
underneath  the  central  retina.  Current  research  is 
primarily  aimed  at  uncovering  the  cellular  and 
chemical  mechanisms  underlying  neovasculariza- 
tion, with  the  hope  that  once  these  mechanisms  are 
understood,  better  methods  will  be  found  to  treat 
and  prevent  new  vessel  formation. 

Research  on  retinal  and  choroidal  vascular  dis- 
eases benefits  greatly  from  interactions  with  other 
fields  of  vision  research  and  with  biomedical  re- 
search in  general.  Within  vision  research,  there  is  an 
obvious  close  relationship  to  studies  of  the  physiol- 
ogy and  metabolism  of  the  retina  and  retinal 
pigment  epithelium.  Investigations  of  major  system- 
ic diseases  that  cause  vascular  disorders  in  the  eye 
have  immediate  relevance:  diabetes,  the  sickle  cell 
hemoglobinopathies,  and  atherosclerosis,  to  name 
the  most  common.  In  addition,  research  in  tissue 
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FIGURE  5.  The  endothelial  lining  of  blood  vessels  in  the  retina  and 
choroid  is  not  always  a  thick  barrier  to  the  passage  of  molecules.  In  some 
locations  it  is  normally  porous,  and  at  other  times  it  becomes  so  as  a  result 
of  disease.  (A)  The  basal  portion  of  a  retinal  pigment  epithelial  cell  from  a 
rat  (RP).  Underlying  the  cell  is  Bruch's  membrane,  (BrM),  beneath  which 
is  the  layer  of  choroidal  capillaries.  The  lumen  of  one  such  large  capillary 
is  indicated  by  L.  Note  the  thin,  attenuated  endothelial  lining  (E)  with 
multiple  pores,  or  fenestrae  (X50,000).  (Courtesy  of  Edward  Essner, 
Ph.D.,  Kresge  Eye  Institute,  Wayne  State  University  School  of  Medicine.) 
(B)  Under  abnormal  circumstances,  the  endothelial  lining  of  retinal  vessels 
becomes  attenuated.  This  vein  was  present  in  a  neovascular  membrane  in 
an  eye  that  had  chronic,  severe  granulomatous  inflammation.  Note  the 
fenestration  (F).  Multiple  red  blood  cells  are  seen  in  the  vessel  lumen  in  the 
upper  half  of  the  photograph  (X50,000).  (Courtesy  of  Kami  W.  Frank, 
M.D.,  Department  of  Pathology,  Wayne  State  University  School  of 
Medicine.) 


culture  and  growth  factors  dealing  with  a  number  of 
cellular  systems,  and  supported  by  other  NIH 
Institutes  and  other  agencies,  is  directly  related  to 
this  subprogram  as  are  hematologic  studies  of 
platelet  and  other  blood  cell  functions,  and  studies 
of  the  physiology  and  cell  biology  of  blood  vessels. 
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FIGURE  6.  A  trypsin  digest  preparation  of  capillaries  from  a  normal 
human  retina.  (A)  Endothelial  cell  nuclei  (E)  are  seen  as  oval,  lightly 
staining  structures  with  their  long  axes  running  parallel  to  the  course  of 
the  capillary.  Intramural  pericyte  nuclei  (P)  are  small,  round,  densely- 
staining  structures  that  appear  to  bulge  out  of  the  capillary  tube  like 
"bumps  on  a  log."  In  a  normal  human  retinal  capillary  network,  there  are 
approximately  equal  numbers  of  pericytes  and  endothelial  cells  (X500).  (B) 
A  trypsin  digest  preparation  from  the  retina  of  a  diabetic  patient.  Many  of 
the  capillaries  are  empty  tubes  devoid  of  cell  nuclei.  A  few  endothelial  cell 
nuclei  remain.  Microaneurysms  (m)  are  bulbous  enlargements  of  the 
capillaries.  Some  are  totally  lacking  in  cell  nuclei  while  others  contain 
multiple  nuclei  (X500).  (Figures  6A  and  6B  courtesy  of  Toichiro 
Kuwabara,  M.D.,  National  Eye  Institute.) 


SUBPROGRAM 
OBJECTIVES 


To  develop  better  methods  of  preventing,  diag- 
nosing, and  treating  diabetic  retinopathy  and 
other  vascular  diseases  of  the  retina  and  choroid. 

To  understand  the  anatomy,  biochemistry,  and 
physiology  of  the  retinal  and  choroidal  vascula- 
ture in  normal  and  diseased  states. 

To  understand  how  blood  flow  is  controlled  in 
the  retina. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

In  fiscal  year  1981,  51  grants  were  supported  by  the 
National  Eye  Institute,  at  a  total  cost  of  $5,127,000, 
in  the  area  of  diabetic  retinopathy  and  other 
vascular  and  circulatory  abnormalities  of  the  retina 
and  choroid,  including  six  projects  of  the  multicen- 
ter  Branch  Vein  Occlusion  clinical  trial.  Several 
grants  dealing  directly  or  indirectly  with  retinal  and 
choroidal  vascular  diseases  were  funded  by  other 
NIH  Institutes  and  other  government  agencies,  for 
example,  the  Veterans  Administration.  In  addition, 
the  National  Eye  Institute  currently  supports  con- 
tracts with  17  clinical  centers  for  the  Diabetic 
Retinopathy  Vitrectomy  Study,  23  clinical  centers 
for  the  Early  Treatment  Diabetic  Retinopathy 
Study,  as  well  as  a  coordinating  center  and  a 
photographic  reading  center  for  each  study,  and  a 
central  clinical  laboratory  for  the  Early  Treatment 
Diabetic  Retinopathy  Study. 

Additional  support  for  research  in  retinal  and 
choroidal  vascular  diseases  is  provided  by  several 
private  agencies,  including  Fight  for  Sight,  Inc., 
Research  to  Prevent  Blindness,  the  National  Society 
to  Prevent  Blindness,  and  in  the  area  of  diabetic 
retinopathy,  the  Juvenile  Diabetes  Foundation,  the 
American  Diabetes  Association,  and  the  Kroc 
Foundation. 


RECENT 
ACCOMPLISHMENTS 


Specific  Diseases 

Diabetic  Retinopathy.  Visual  disability  from  the 
proliferative  form  of  diabetic  retinopathy  (in  which 
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new  blood  vessels  grow  from  the  retinal  circulation) 
can  be  sharply  reduced  by  extensive  retinal  photo- 
coagulation with  the  xenon  arc  or  the  argon  laser,  as 
demonstrated  by  the  nationwide  Diabetic  Retinopa- 
thy Study  and  discussed  in  the  Council's  1977  Plan. 
The  success  of  this  major  clinical  trial  has  led  to  the 
initiation  of  two  additional  collaborative  clinical 
trials  in  diabetic  retinopathy.  These  are  the  Diabetic 
Retinopathy  Vitrectomy  Study  (DRVS),  now  in  its 
fifth  year,  and  the  Early  Treatment  Diabetic  Reti- 
nopathy Study  (ETDRS),  which  began  recruiting 
patients  in  early  1980. 

The  DRVS  is  attempting  to  learn,  first,  if  vitrec- 
tomy surgery  (in  which  the  contents  of  the  vitreous 
cavity  are  removed  and  replaced  with  a  balanced 
salt  solution)  is  best  done  within  a  month  after 
acute,  severe  vitreous  hemorrhage  in  diabetic  pa- 
tients, or  is  preferably  delayed  at  least  six  months. 
Second,  the  DRVS  is  attempting  to  determine  if 
vitrectomy  for  diabetics  threatened  with  detach- 
ment of  the  macula  by  fibrous  traction  improves  the 
prognosis  for  vision. 

The  ETDRS  is  the  most  ambitious  clinical  trial 
yet  attempted  in  ophthalmology.  It  involves  23 
clinical  centers,  a  coordinating  center,  a  photo- 
graphic reading  center,  and  a  central  clinical  labora- 
tory, and  it  plans  to  recruit  over  4,000  patients.  The 
goal  of  the  ETDRS  is  to  determine  whether  argon 
laser  treatment  and/or  aspirin  can  effectively  pre- 
vent progression  of  diabetic  retinopathy  at  the 
preproliferative  stage,  thus  improving  the  prognosis 
over  the  earlier  results  of  the  Diabetic  Retinopathy 
Study,  and  also  whether  laser  treatment  and/or 
aspirin  are  effective  in  preserving  or  improving 
vision  in  patients  with  diabetic  macular  edema.*  In 
addition  to  these  major  goals,  the  ETDRS  will 
attempt  to  evaluate  a  number  of  prognostic  factors 
as  determined  by  medical  history,  physical  examina- 
tion, and  laboratory  tests,  and  determine  the  effects 
of  laser  therapy  on  several  measures  of  visual 
function  in  addition  to  visual  acuity  measurements. 

Sickle  Cell  Retinopathy.  Patients  with  sickle  cell 
hemoglobin  (including  about  10  percent  of  Ameri- 
can blacks)  are  at  risk  of  developing  retinopathy, 
which  may  result  in  capillary  closure  and  eventual 
development  of  neovascularization,  hemorrhage, 
traction  detachment  of  the  retina  arising  in  the 
retinal  periphery,  and  vascular  occlusions  in  the 
central  retina  with  resultant  visual  loss.  Individuals 
with  hemoglobin  SC  disease,  in  which  about  half  of 
the  hemoglobin  is  type  S  (sickle  cell  hemoglobin) 
and  half  is  type  C  (another  abnormal  variant),  are  at 


*  Aspirin  is  thought  to  be  beneficial  in  diabetic  retinopathy  for 
two  reasons.  First,  it  has  been  claimed  that  patients  with 
diabetes  and  also  other  diseases  (for  example,  arthritis)  who 
require  large  aspirin  doses  have  a  lower  than  expected 
prevalence  of  diabetic  retinopathy.  Second,  many  diabetic 
patients  have  increased  aggregability  of  blood  platelets,  which 
is  thought  to  lead  to  small  vessel  occlusions  and  eventually  to 
retinopathy.  Aspirin  is  known  to  inhibit  platelet  aggregation. 


particularly  high  risk.  Currently,  a  clinical  trial 
involving  two  institutions,  the  University  of  Illinois 
and  the  University  of  the  West  Indies  in  Kingston, 
Jamaica,  is  attempting  to  determine  the  efficacy  of 
laser  photocoagulation  in  arresting  the  progression 
of  peripheral  retinal  neovascularization  in  sickle  cell 
retinopathy.  This  study  is  supported  by  the  Sickle 
Cell  Disease  program  of  the  National  Heart,  Lung, 
and  Blood  Institute.  In  another  development,  inves- 
tigators at  the  Comprehensive  Sickle  Cell  Center  at 
Wayne  State  University  and  at  the  University  of 
Tennessee  have  described  a  deficiency  of  the  trace 
metal  zinc  in  some  patients  with  sickle  cell  anemia 
(hemoglobin  SS  disease).  Although  these  patients 
may  have  no  signs  of  sickle  cell  retinal  vascular 
disease,  their  retinal  rod  and  cone  cells  have  a 
diminished  capacity  to  regain  sensitivity  following 
exposure  to  a  bright  "adapting"  light.  This  dimin- 
ished dark  adaptation  can  be  restored  by  supplemen- 
tal zinc  therapy,  presumably  because  zinc  is  a 
cofactor  for  an  enzyme  needed  to  regenerate  visual 
pigment  molecules. 3 

Retrolental  Fibroplasia  (Blindness  of  Prematurity). 

Studies  in  the  1950s  that  showed  the  adverse  effects 
of  excessive  oxygen  on  the  retinal  blood  vessels  of 
premature  infants4  provided  the  means  to  reduce 
substantially  the  incidence  of  this  condition.  How- 
ever, the  disease  has  not  been  eliminated,  in  part 
because  no  technique  has  been  perfected  to  establish 
how  much  oxygen  is  actually  reaching  the  infant 
eye  on  a  minute-to-minute  basis,  and  in  part  because, 
with  increased  survival  of  very  small  premature 
infants  of  very  short  gestation  time,  many  of  whom 
require  delicate  monitoring  of  oxygen  delivery,  the 
risk  of  developing  retrolental  fibroplasia  has  dra- 
matically increased.  Antioxidants  such  as  vitamin  E 
are  currently  being  investigated  in  view  of  prelimi- 
nary data  suggesting  a  possible  beneficial  role. 5 
Attempts  to  control  the  proliferative  stage  of 
retrolental  fibroplasia  will  benefit  from  research  on 
angiogenesis,  and  on  the  inhibition  of  the  neovascu- 
lar  process  (see  below). 

Retinal  Vein  Occlusions.  A  cooperative  clinical 
trial  supported  by  NEI  involving  six  centers  is 
investigating  the  value  of  argon  laser  photocoagula- 
tion in  controlling  the  major  complications  of 
branch  retinal  vein  occlusion,  macular  edema,  and 
retinal  neovascularization  with  hemorrhage.  Treat- 
ment of  the  far  more  serious  central  retinal  vein 
occlusion  remains  enigmatic.  Panretinal  photocoag- 
ulation appears  to  reduce  the  incidence  of  neovascu- 
lar  glaucoma, 6  a  dreaded  sequel  both  of  central 
retinal  vein  occlusion  and  proliferative  diabetic 
retinopathy,  but  this  treatment  does  not  improve  the 
prognosis  for  vision.  A  relatively  small  clinical  trial 
in  Great  Britain  used  fibrinolytic  agents  (which 
dissolve  blood  clots)  and  reported  a  modest  im- 
provement   in    visual    prognosis   in    patients    with 
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central  retinal  vein  occlusion. 7  There  has  been 
interest  in  beginning  a  similar  trial,  on  a  larger  scale, 
in  the  United  States. 

Retinal  Artery  Occlusion.  Occlusion  of  the  central 
retinal  artery  is  followed  by  immediate  blindness. 
Occlusion  of  a  branch  retinal  artery  produces 
immediate  visual  loss,  the  severity  of  which  is 
determined  by  the  size  of  the  occluded  vessel  and 
the  proximity  of  the  region  of  the  retina  it  supplies 
to  the  macula.  Retinal  artery  occlusions  represent 
serious  ocular  emergencies,  for  unless  effective 
treatment  is  initiated  promptly,  the  resultant  loss  of 
vision  is  irreversible.  A  recent  study  has  indicated 
that  if  the  retinal  circulation  is  restored  within  97  to 
100  minutes,  vision  can  return. 8  Unfortunately,  this 
tolerance  time  is  often  too  little  for  patients  who  do 
not  immediately  recognize  the  seriousness  of  their 
disease,  or  who  cannot  rapidly  obtain  medical  care. 
Even  for  those  who  do,  treatment  is  not  always 
effective. 

Advances  in  Methodology  and 
Instrumentation 

The  accomplishments  described  below,  all  of  which 
occurred  during  the  last  few  years,  represent  impor- 
tant milestones  toward  conquering  retinal  vascular 
disease  (see  Chapter  13,  "Noninvasive  Techniques 
in  the  Study  of  Retinal  Disorders").  A  major 
advance  has  been  the  development  of  vitrectomy,  a 
new  surgical  technique  that  has  restored  at  least 
partial  vision  to  individuals  who  would  otherwise 
have  been  blind.  For  the  most  part,  however, 
accomplishments  in  this  area  involve  the  develop- 
ment of  innovative  methods  that  hold  great  promise 
for  answering  questions  about  the  mechanisms  of 
disease.  Only  time  and  much  effort  will  show 
whether  these  methods  will  fulfill  their  promise. 

Vitrectomy.  In  this  procedure,  specially  designed 
instruments  are  inserted  into  the  eye  through  tiny 
incisions  just  anterior  to  the  boundary  of  the 
peripheral  retina. 9_n  Using  an  operating  micro- 
scope and  fiberoptics  light  sources,  the  surgeon  and 
his  assistants  can  visualize  the  interior  of  the  eye  to 
remove  hemorrhages,  attempt  to  repair  retinal  de- 
tachments caused  by  traction  from  proliferative 
bands  or  giant  retinal  tears,  remove  foreign  bodies, 
and  strip  fibrous  membranes  from  the  inner  surface 
of  the  retina  that,  by  puckering  the  retina,  have 
decreased  vision.  For  diabetic  patients  with  blind- 
ness due  to  vitreous  hemorrhage  or  traction  detach- 
ment of  the  retina,  useful  vision  may  be  restored  in 
some  50  to  70  percent  of  selected  cases. 12~14 
However,  as  noted  above,  there  are  questions 
regarding  the  optimal  time  to  use  vitrectomy  for 
diabetic  vitreous  hemorrhage  and  for  traction  that 
threatens  macular  vision  but  has  not  yet  caused 
substantial    visual    loss.    It    is    expected    that    the 


Diabetic  Retinopathy  Vitrectomy  Study  will  pro- 
vide answers  to  these  questions.  Other  aspects  of 
vitrectomy  are  discussed  in  Chapter  6,  "Retinal 
Detachment  and  Vitreous  Disorders." 

Vitreous  Fluorophotometry  and  Computerized 
Image  Processing  of  Fluorescein  Angiograms.  Fluo- 
rescein angiography  has  been  helpful  in  diagnosing 
and  treating  many  retinal  vascular  diseases.  It  has 
been  used  to  demonstrate  the  abnormal  leakiness  of 
retinal  vessels  and  the  presence  of  nonperfused 
capillary  zones  in  certain  conditions.  It  has  been 
reported,  for  example,  that  in  young  diabetics  with 
no  other  detectable  retinal  abnormalities,  fluorescein 
leakage  may  be  detected  photographically  during  a 
fluorescein  angiogram.15  Vitreous  fluorophotometry 
and  computerized  image  processing  of  videotaped 
fluorescein  angiograms  are  offshoots  of  the  original 
technique.  In  vitreous  fluorophotometry,  a  light 
source  to  stimulate  fluorescence  is  mounted  on  a  slit 
lamp,  and  the  fluorescence  emitted  by  the  dye  that 
has  leaked  into  the  vitreous  cavity  at  various  times 
following  intravenous  injection  is  measured  using  a 
sensitive  photomultiplier  tube.1617  The  striking  result 
obtained  in  early  experiments  with  this  technique  is 
that  much  more  dye  leaks  into  the  vitreous  in 
individuals  with  early  diabetes  whose  blood  sugar  is 
not  well  controlled,  but  who  do  not  otherwise  show 
signs  of  retinopathy,  than  it  does  in  comparable 
normal  individuals,  or  in  diabetics  maintained  in 
good  control  on  insulin.1819  The  meaning  of  this 
result,  however,  is  unclear,  since  neither  the  loca- 
tion nor  the  mechanism  for  the  fluorescein  leak  has 
been  demonstrated,  nor  is  it  known  how  this 
phenomenon  may  relate  to  diabetic  retinopathy, 
which  may  develop  later. 

Fluorescein  angiograms  may  be  recorded  on 
videotape  as  well  as  on  film.  The  videotaped  image 
gives  a  kinetic  picture  of  blood  flow  through  the 
retina  which  may  be  analyzed  by  computerized 
image  processing  techniques. 20  Although  much  ad- 
ditional research  needs  to  be  done,  this  method 
promises  to  be  of  great  value  in  the  quantitative 
assessment  of  blood  flow  in  various  regions  of  the 
retinal  circulation.  Measurements  of  blood  vessel 
caliber,  which  may  also  be  possible  through  this 
technique,  will  allow  precise  experimentation  on 
autoregulation  of  the  retinal  circulation  and  its 
alteration  in  certain  disease  states. 

Laser  Doppler  Measurement  of  Retinal  Blood 
Flow.  In  this  technique,  light  from  a  laser  strikes  red 
blood  cells  in  retinal  vessels.  Some  of  the  light  is 
reflected  back  from  the  red  cells,  detected  by  a 
photomultiplier  tube,  and  its  frequencies  determined 
by  a  spectrum  analyzer.  Because  of  the  Doppler 
effect,  the  frequency  of  the  light  waves  incident  on 
the  red  cells  will  be  shifted  in  proportion  to  the 
velocities  of  the  red  cells.  Hence,  by  measuring  the 
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frequency  shift,  the  velocity  of  the  red  cells  can  be 
calculated.  21~23 

Further  improvements  in  this  technique,  and  its 
application  in  various  stages  of  retinal  vascular 
disease  and  in  individuals,  such  as  diabetics,  who  are 
at  high  risk  for  the  development  of  retinal  vascular 
disease,  should  provide  substantial  new  information 
about  blood  flow  in  the  retina  and  its  role  in  the 
development  of  diseases.  For  example,  differences  in 
serum  viscosity  have  been  shown  to  exist  in  diabet- 
ics with  and  without  small  vessel  disease  in  the  eye, 
nervous  system,  and  kidney. 24  Other  data  suggest 
that  there  are  increases  in  red  cell  aggregation  25  in 
diabetic  microangiopathy  and  that  diabetic  red 
blood  cells  have  a  decreased  deformability,  that  is, 
their  membranes  are  less  elastic. 26  These  and  other 
factors,  such  as  increased  platelet  aggregation  in 
diabetes, 27  may  alter  blood  flow  in  the  retinal 
vessels  of  individuals  with  diabetes  and  change  the 
shear  stress  on  the  endothelial  cells  lining  these 
vessels,  resulting  in  damage  to  these  cells.  Although 
laser  Doppler  measurements  of  retinal  blood  flow 
and  other  studies  noted  in  this  section  are  still  in  a 
relatively  early  stage,  further  developments  in  these 
areas  promise  to  be  exciting. 

Retinal  Oximetry.  Another  technique  still  in  a 
developmental  stage  is  retinal  oximetry,  which 
attempts  to  measure  oxygen  saturation  of  blood  in 
the  vessels  in  various  parts  of  the  retinal  circulation. 
The  method  uses  a  photoelectric  system  to  measure 
the  reflectance  of  a  particular  vessel  at  three 
different  wavelengths,  and  to  compare  these  meas- 
urements for  the  known  values  of  oxygenated  and 
deoxygenated  hemoglobin. 28  Use  of  this  method 
should  add  further  knowledge  of  the  retinal  circula- 
tion and  retinal  metabolism. 

Tissue  Culture  Studies  of  Retinal  Vascular  Cells: 
The  Search  for  an  Angiogenesis  Factor.  Some  years 
ago,  it  was  discovered  that  in  the  retinal  capillaries 
of  individuals  with  early  diabetic  retinopathy,  the 
intramural  pericytes  degenerated  more  rapidly  than 
did  the  endothelial  cells.  29~31  The  intramural  peri- 
cytes are  cells  that  reside  in  the  basement  membrane 
"skeleton"  of  the  capillary  outside  the  endothelial 
cell  lining.  Their  function  is  not  clear,  but  their 
selective  loss  early  in  the  course  of  diabetic  retinop- 
athy may  figure  importantly  in  the  later  pathologi- 
cal alterations  that  occur.  Within  the  past  few  years, 
it  has  become  possible  to  grow  in  tissue  culture  both 
pericytes32  and  endothelial  cells3334  from  retinal 
capillaries  (Figure  7).  This  development  makes  it 
possible  to  study  the  biochemical  and  physiological 
properties  of  these  cells,  and  in  particular  compare 
them  with  similar  cells  from  other  vascular  systems 
that  are  not  so  severely  affected  by  diabetes.  The 
results  of  initial  biochemical  investigations  of  cul- 


FIGURE  7.  (A)  Phase  contrast  photomicrograph  of  endothelial  cells  from 
fetal  pig  retinal  capillaries  growing  in  tissue  culture.  Note  that  they  grow 
as  a  single  layer  of  cells  in  a  hexagonal,  mosaic-like  arrangement  (X200). 
(B)  Phase  contrast  photomicrograph  of  pericytes  from  calf  retinal 
capillaries  in  tissue  culture.  The  cells  grow  as  irregular  polygons, 
sometimes  partially  overlapping  one  another,  and  often  with  spaces  in 
between.  The  round  structure  just  to  the  left  of  center  is  the  remainder  of 
the  basement  membrane  of  the  original  capillary  from  which  the  cells 
sprouted  (X200). 


tures  of  retinal  capillary  pericytes  have  already  been 
published. 3536 

Retinal  neovascularization,  as  noted  previously,  is 
the  most  damaging  manifestation  of  diabetic  retinop- 
athy and  other  retinal  vascular  diseases.  Many  years 
ago,  it  was  suggested  that  the  retina  in  certain 
pathological  conditions  produces  an  angiogenesis 
factor  that  stimulates  abnormal  vessel  growth. 37'38 
More  recently,  Folkman  and  his  colleagues  pro- 
posed that  malignant  tumors  also  produce  angiogen- 
esis factors  that  cause  the  luxuriant  neovascular 
growth  needed  to  support  the  vigorous  metabolism 
of  the  tumor. 3940  A  point  of  common  interest, 
therefore,  in  cancer  research  and  in  the  study  of 
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retinal  vascular  diseases  is  the  isolation  and  charac- 
terization  of  these   factors,   if  indeed   they   exist. 
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FIGURE  8.  A  monolayer  of  retinal  capillary  endothelial  cells  that  had 
been  growing  in  culture  to  which  thymidine,  labeled  with  tritium  (a 
radioactive  isotope  of  hydrogen),  had  been  added.  Thymidine  is  a 
molecule  that  is  incorporated  into  DNA  in  the  cell  nucleus.  Cells  that  are 
dividing  will  incorporate  the  labeled  thymidine.  If  the  culture  is  then  fixed 
and  coated  with  a  liquid  photographic  emulsion,  then  allowed  to  incubate 
for  a  period  in  the  dark,  the  dividing  cells  will  emit  radioactivity  that 
develops  the  emulsion.  The  dark  nuclei  in  the  photograph  are  those  that 
have  incorporated  the  labeled  thymidine  and  hence,  are  dividing.  By 
counting  the  proportion  of  labeled  to  unlabeled  nuclei,  one  can  estimate 
how  actively  the  culture  is  proliferating.  This  method  then  can  be  used,  for 
example,  to  compare  substances  that  might  accelerate  cell  proliferation, 
such  as  presumed  angiogenic  factors  (X100). 


Until  recently,  a  major  difficulty  in  identifying  a 
presumed  angiogenesis  factor  was  the  absence  of  a 
physiologically  valid,  sensitive,  and  reproducible 
assay  system.  The  development  of  methods  for  the 
culture  of  vascular  endothelial  cells  appears  to 
represent  a  suitable  assay  (Figure  8).  A  substance 
extractable  from  normal  retinas  of  several  species 
has  been  reported  to  stimulate  proliferation  in 
cultures  of  aortic  endothelial  cells. 41  Attempts  to 
characterize  this  substance  biochemically  are  under 
way.  Capillary  endothelial  cells  are  much  harder  to 
maintain  in  culture  than  those  from  larger  vessels, 
such  as  the  aorta,  but  with  the  development  of 
techniques  for  subculturing  capillary  endothelial 
cells, 42  it  has  been  possible  to  use  them  for  angio- 
genesis factor  assays.  By  using  extracts  presumed  to 


contain  tumor  angiogenesis  factor  activity,  investi- 
gators have  found  that  only  capillary  endothelial 
cells,  and  not  those  from  the  aorta  or  other  large 
vessels,  exhibit  a  proliferative  response 42  or  in- 
creased migratory  activity, 43  which  is  presumed  to 
precede  cell  division  in  newly  growing  vessels. 
Because  of  these  recent  developments,  further  prog- 
ress in  understanding  the  biochemistry  and  function 
of  retinal  vascular  cells  and  the  chemical  stimuli  to 
retinal  neovascularization,  should  be  forthcoming  in 
the  next  few  years. 

Epidemiologic  Studies.  A  recent  epidemiologic 
survey  of  the  Pima  Indians  in  Arizona  identified 
primary,  systemic  hypertension  as  a  risk  factor  for 
developing  diabetic  retinopathy. 44  Other  studies 
have  suggested  hormonal  influences  on  diabetic 
retinopathy.  For  example,  an  investigation  of  the 
relationship  of  age  and  sex  to  diabetic  blindness 
found  a  much  lower  prevalence  in  premenopausal 
women  than  in  men  of  the  same  age.  Prevalence 
rates  became  equal  for  older  men  and  women, 
suggesting  that  female  hormones  may  exert  a 
protective  effect. 45  A  study  of  retinopathy  among 
children,  adolescents,  and  young  adults  with  diabe- 
tes showed  little  retinopathy  before  the  age  of  15, 
and  a  sharp  increase  thereafter. 46  The  increase  was 
independent  of  the  duration  of  diabetes.  Similar 
results  had  been  suggested  earlier. 47  This  indicates 
that  hormonal  influences  related  to  puberty  may 
also  have  an  important  role  in  the  development  of 
diabetic  retinopathy. 

Still  another  study 48  showed  that  the  severity  of 
retinopathy  was  inversely  related  to  survival.  Dia- 
betic individuals  with  little  or  no  retinopathy  had  a 
survival  rate,  over  the  seven-year  duration  of  the 
study,  similar  to  that  of  the  general  population. 
However,  as  the  severity  of  retinopathy  increased, 
survival  decreased.  At  the  present  time,  at  least  two 
major  epidemiologic  studies  of  diabetic  retinopathy 
are  in  progress.  In  one,  approximately  2,400  diabetic 
patients  (of  a  total  diabetic  population  of  more  than 
14,000  individuals  in  southern  Wisconsin)  are  being 
surveyed  to  determine  the  prevalence  and  severity 
of  retinopathy,  and  to  identify  possible  causal  or 
aggravating  factors.  Another  study,  at  the  Joslin 
Diabetes  Center  in  Boston,  uses  case-control  meth- 
odology. A  large  group  of  diabetic  patients  with 
known,  severe  retinopathy  is  being  surveyed  for  a 
variety  of  factors  that  may  affect  the  development 
or  progression  of  the  retinopathy.  Another  group  of 
diabetics,  matched  as  nearly  as  possible  for  age,  sex, 
and  duration  of  diabetes,  is  also  being  surveyed  for 
the  same  factors.  Statistical  comparisons  will  deter- 
mine if  major  differences  in  these  factors  exist 
between  the  two  groups;  these  differences  could  be 
related  to  the  development  of  retinopathy.  If  strong- 
ly  suggestive   factors   can   be   identified   by   such 


25 


Vision  Research— A  National  Plan:  1983-1987 


Retinal  and  Choroidal  Diseases 


studies,  their  relationship  to  diabetic  retinopathy  can 
be  further  tested  by  other  methods. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

Tissue  Culture  of  Retinal  Capillary  Cells 

Further  investigation  of  the  properties  of  isolated 
retinal  capillary  pericytes  and  endothelial  cells  may 
lead  to  an  understanding  of  how  these  cells  become 
abnormal  in  diabetic  retinopathy  and  other  retinal 
vascular  diseases.  Studies  of  the  blood-retinal  bar- 
rier49 using  cultured  cells  may  involve  investiga- 
tions of  how  intercellular  tight  junctions  form  and 
are  disrupted, 34  and  investigations  of  pinocyto- 
sis. 5051  Biochemical  studies  may  involve  further 
investigation  of  the  sorbitol  pathway, 35-52  which  is 
responsible  for  the  development  of  cataracts  in 
diabetic  and  galactosemic  animals  of  certain  species 
(see  Volume  Two,  Part  Three,  Report  of  the  Cataract 
Panel)  and  may  play  an  important  role  in  diabetic 
retinopathy.  Studies  of  collagen  and  basement  mem- 
brane biosynthesis  should  also  be  pursued. 3653 

An  important  problem  in  diabetic  retinopathy  is 
the  fact  that  while  the  retinal  vessels  are  affected, 
the  structurally  similar  vessels  of  the  cerebral 
cortex,  an  organ  that  is  closely  related  developmen- 
tally  to  the  retina,  appear  to  be  spared. 54  Hence, 
comparative  studies  of  the  capillaries  of  the  retina 
and  cerebral  cortex  should  be  emphasized. 

Properties  of  cultured  retinal  vascular  cells  may 
have  great  value  in  retinal  vascular  diseases  other 
than  diabetes.  For  example,  it  has  been  found  that 
sickled  red  blood  cells  from  patients  with  sickle  cell 
anemia  adhere  more  readily  to  cultured  aortic  and 
umbilical  vein  endothelial  cells  than  do  normal  red 
blood  cells. 5556  Similar  experiments  using  cultured 
retinal  vascular  cells  might  be  used  to  develop 
agents  that  would  prevent  such  cellular  adherence 
and  thereby  protect  against  sickle  cell  retinopathy. 


isolating  and  characterizing  trophic  hormones  from 
the  brain,  but  persistence  and  ingenuity  over  a 
period  of  years  resulted  in  the  successful  identifica- 
tion of  several  of  these  substances  and  tremendous 
benefit  to  medical  science. 5758 

Blood  Flow  and  the  Blood-Retinal  Barrier 

Further  development  of  such  methods  as  laser 
Doppler  velocimetry  and  computer  analysis  of 
videotaped  fluorescein  angiograms  should  be  em- 
phasized as  a  potential  means  of  developing  precise, 
quantitative  methods  for  the  measurement  of  retinal 
blood  flow.  Methods  of  studying  retinal  blood  flow 
in  the  past  have  led  only  to  approximate  results 
which  have  not  adequately  answered  questions 
about  regional  differences  in  different  parts  of  the 
retina,  or  differences  in  early  diabetics  as  opposed  to 
normals,  which  might  relate  to  the  eventual  devel- 
opment of  retinopathy.  Techniques  for  the  measure- 
ment of  blood  oxygenation  (oximetry)  in  different 
segments  of  the  retinal  circulation  should  be  refined 
to  provide  insights  into  a  possible  causal  mechanism 
of  retinal  vascular  disease. 

The  initial  results  of  vitreous  fluorophotometry 
studies,  showing  a  breakdown  of  the  blood-retinal 
barrier  in  early  diabetes  before  retinopathy  becomes 
clinically  evident,  are  of  great  interest.  This  tech- 
nique clearly  has  great  importance,  but  it  must  first 
be  standardized  so  that  investigators  in  many  cen- 
ters will  have  a  common  basis  for  comparing  their 
results.  Using  vitreous  fluorophotometry  and  other 
methods  in  laboratory  animals,  further  studies 
should  be  made  of  the  site  of  the  breakdown  in  the 
blood-retinal  barrier.  The  initial  assumption  that  it  is 
located  in  the  retinal  vascular  endothelial  cells  may 
not  be  correct;  recent  evidence  suggests  that  the  site 
of  the  breakdown  instead  may  be  at  the  level  of  the 
retinal  pigment  epithelium. 59  If  so,  this  would  be  the 
first  demonstration  in  diabetes  of  an  abnormality  of 
the  retinal  pigment  epithelium,  a  tissue  that  has  been 
thought  to  remain  relatively  unaffected  by  this 
disease. 


Angiogenesis  Factors 

With  the  development  of  an  assay  system  using 
cultured  capillary  endothelial  cells,  33.34,42,43  a  major 
difficulty  in  the  study  of  angiogenesis  factors  may 
have  been  overcome.  Because  of  the  clinical  impor- 
tance of  retinal  neovascularization,  this  area  of 
research  should  have  high  priority.  A  problem  in 
these  studies  is  that  such  factors  may  be  present  in 
only  minute  concentrations  in  the  ocular  fluids  of 
diabetic  patients  and  others  with  retinal  vascular 
disease;  hence,  their  identification  and  characteriza- 
tion may  be  difficult.  However,  similar  doubts  were 
expressed    at    one    time    about    the    possibility    of 


Animal  Models  of  Retinal  Vascular  Disease 

Many  animals  develop  diabetes  spontaneously;  in 
others,  the  disease  can  be  induced  by  drugs,  viral 
infections,  or  surgery.  Hence,  investigators  are 
interested  in  determining  whether  animals  with 
diabetes  will  develop  retinopathy  that  can  be  stud- 
ied as  a  model  for  the  human  disease.  There  is  now 
good  evidence  that  dogs  with  spontaneous  or 
chemically  induced  diabetes  of  at  least  five  years' 
duration  develop  retinal  vascular  lesions  like  those 
of  human  nonproliferative  diabetic  retinopathy. 60  In 
one  study,  a  group  of  diabetic  dogs  was  maintained 
with  good  blood  sugar  control  while  a  comparable 
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group  was  intentionally  maintained  with  poor  con- 
trol. 61  Animals  with  poor  control  regularly  devel- 
oped retinopathy  after  five  years,  while  the  lesions 
in  the  good  control  group  were  minimal. 

Studies  such  as  these  have  obvious  therapeutic 
implications  for  humans.  In  addition,  the  availability 
of  animals  with  diabetes,  particularly  those  that 
develop  diabetic  retinopathy,  permits  a  range  of 
studies  that  cannot  be  conducted  in  humans  aimed 
at  learning  more  about  causal  mechanisms  and 
potential  therapies  for  this  devastating  eye  disease. 
Because  the  dog  model  is  the  best  one  now  available 
for  diabetic  retinopathy,  it  should  be  further  studied. 
However,  dogs  with  diabetes  are  expensive  and 
difficult  to  maintain  for  the  five  years  necessary  for 
retinopathy  to  develop.  Therefore,  it  is  essential  to 
produce  animal  models  that  are  easier  to  develop 
and  maintain.  Furthermore,  there  are  few  animal 
models  of  proliferative  retinopathy.  The  best  is  the 
retrolental  fibroplasia  model,  obtained  by  placing 
newborn  animals  in  a  high  oxygen  atmosphere. 
These  animals  develop  retinal  neovascularization 
like  human  premature  infants  with  retrolental  fibro- 
plasia. 62  Further  investigation  of  this  model,  and 
development  of  new  ones,  will  be  useful  for  devis- 
ing improved  treatments  for  human  proliferative 
retinopathies. 

Retinal  Vascular  Occlusions 

Further  research  is  needed  to  find  more  effective 
treatment  and  to  identify  individuals  who  may  be  at 
greatest  risk  for  developing  retinal  vascular  occlu- 
sions. Although  the  problems  are  enormous,  at- 
tempts should  be  made  to  prolong  retinal  survival 
time  and  restore  function  following  vascular  occlu- 
sions, and  to  revascularize  or  support  artifically 
areas  of  retina  whose  blood  supply  has  been 
impaired. 

Therapeutic  Trials 

The  success  of  the  Diabetic  Retinopathy  Study  and 
the  subsequent  enthusiastic  support  of  the  Diabetic 
Retinopathy  Vitrectomy  Study  and  the  Early  Treat- 
ment Diabetic  Retinopathy  Study  by  the  ophthal- 
mic community  have  demonstrated  the  value  of 
large-scale  clinical  trials  in  testing  new  treatments 
for  retinal  vascular  disease.  Two  other  smaller 
clinical  trials,  the  NEI-supported  Branch  Vein 
Occlusion  Study  and  the  Sickle  Cell  Retinopathy 
Photocoagulation  Study,  which  is  supported  pri- 
marily by  the  National  Heart,  Lung,  and  Blood 
Institute,  are  now  also  under  way.  Additional 
therapeutic  trials  should  be  developed  as  promising 
new  treatments  are  proposed  for  retinal  vascular 
diseases.  A  study  of  potential  major  importance 
would  be  an  effort  to  determine  whether  tight  blood 


glucose  control  in  diabetes  is  effective  in  retarding 
the  development  and  progression  of  diabetic  reti- 
nopathy and  other  complications  of  diabetes.  The 
complexities  of  such  a  study  would  be  formidable, 
but  with  the  development  of  the  portable  insulin 
infusion  pump, 6364  an  approach  to  nearly  physiologi- 
cal control  of  blood  glucose  in  insulin-requiring 
diabetics  may  be  possible.  An  important  precondi- 
tion for  a  therapeutic  trial  is  the  determination  of 
the  approximate  number  of  patients  that  will  be 
required  in  the  tight  and  standard  control  groups  to 
produce  a  high  likelihood  of  obtaining  statistically 
significant  results  at  the  end  of  the  study  period, 
presumably  five  years.  Investigations  by  several 
ophthalmic  research  groups  have  produced  data 
that  are  in  close  agreement  concerning  the  preva- 
lence of  retinopathy  in  juvenile-onset,  insulin-de- 
pendent diabetics  treated  by  standard  methods  for 
specific  periods  of  time. 4665  These  data  will  be  of 
substantial  value  in  planning  the  proposed  clinical 
trial. 

Epidemiologic  Studies 

Investigations  of  the  incidence  and  prevalence  of 
retinal  vascular  diseases  are  of  great  importance, 
since  these  can  lead  to  identification  of  causal 
factors.  In  addition  to  the  studies  in  progress,  others 
should  be  designed  to  investigate  diabetic  retinopa- 
thy and  the  various  forms  of  retinal  vascular 
occlusive  disease. 


RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Diabetic  Retinopathy,  Sickle 
Cell  Retinopathy,  and  Other  Vascular  Abnormali- 
ties," the  Panel  has  made  the  following  recommen- 
dations concerning  research  in  this  subprogram  over 
the  next  five  years.  These  have  been  grouped  under 
two  headings:  Program  Base  and  Program  Develop- 
ment Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing   research  in  which  new  knowledge  and 
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techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research    grants    in    these   areas   are    forthcoming. 

Program  Base 

■  Characterize  factors  responsible  for  the  growth 
of  new  retinal  blood  vessels. 

■  Study  the  location  of  and  mechanisms  responsible 
for  the  breakdown  of  the  blood-retinal  barrier  in 
early  diabetes,  hypertension,  and  other  retinal 
vascular  diseases. 

■  Continue  to  support  clinical  trials  of  treatments 
for  retinal  vascular  diseases.  Develop  new  trials 
as  promising  new  treatments  become  available. 
Collaborate  with  other  agencies  to  develop  clini- 
cal trials  for  testing  the  efficacy  of  rigorous  blood 
sugar  control  in  the  prevention  of  diabetic  reti- 
nopathy  and   other   complications   of  diabetes. 

■  Encourage  epidemiologic  studies  on  various 
types  of  retinal  vascular  disease  with  a  particular 
view  to  isolating  causative  factors. 

■  Further  improve  and  evaluate  methods  for  diag- 
nosing and  treating  retinal  vascular  disorders. 
Such  examples  are  laser  Doppler  velocimetry, 
vitreous  fluorophotometry,  rheology,  and  com- 
puterized analysis  of  videotaped  fluorescein  angi- 
ography (see  Chapter  13). 


Program  Development  Priorities 

■  Expand  studies  of  the  metabolism  of  retinal 
vascular  cells  and  other  endothelial  cells  using 
both  freshly  isolated  specimens  and  cells  grown 
in  tissue  culture. 

■  Develop  new  animal  models  of  vasoproliferative 
retinopathies.  Employ  the  existing  dog  model  of 
diabetic  retinopathy  and  new  models  to  obtain 
additional  information  about  the  mechanisms  and 
treatment  of  retinal  vascular  diseases. 

■  Investigate  approaches  that  prolong  retinal  sur- 
vival time  after  major  vascular  occlusion  and 
permit  restoration  of  retinal  function  after  such 
an  occlusion.  Investigate  methods  for  revascular- 
izing  areas  of  ischemic  retina. 

■  Improve  noninvasive  methods  for  determining 
oxygen  saturation  in  retinal  blood  vessels. 

■  Encourage  basic  research,  which  will  lead  to  the 
pharmacological  management  of  retinal  vascular 
disorders. 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 

DIABETIC  RETINOPATHY,  SICKLE  CELL  RETINOPATHY, 
AND  OTHER  VASCULAR  ABNORMALITIES 

No.  of  Grants                    Panel  Recommendation  FY  83 
FY  1981 Add.  Grants Total  Grants 

Program  Base 

A.  Characterize  factors  responsible  for  growth  of  new  3  0  3 
retinal  blood  vessels. 

B.  Study  location  of  and  mechanisms  responsible  for  13  -1  12 
breakdown  of  blood-retinal  barrier  in  retinal  vascular 

diseases. 

C.  Continue  to  support  clinical  trials  of  treatments  for 

retinal  vascular  diseases  and  test  the  efficacy  of  10*t  0  10 

rigorous  blood  sugar  control  in  the  prevention  of 
diabetic  retinopathy. 

D.  Encourage  epidemiologic  studies  on  various  types  of  4  0  4 
retinal  vascular  disease. 

E.  Improve  methods  for  diagnosing  and  treating  retinal  7  1  8 
vascular  disorders. 

Program  Development  Priorities 

A.  Expand  studies  of  the  metabolism  of  retinal  vascular  7  2  9 
cells  using  isolated  specimens  and  cells  grown  in  tissue 

culture. 

B.  Develop  new  animal  models  of  vasoproliferative  6  1 
retinopathies. 

C.  Investigate  approaches  that  will  prolong  retinal  0  2  2 
survival  time  after  major  vascular  occlusion  and  permit 

restoration  of  retinal  function.  Investigate  methods  for 
revascularizing  areas  of  ischemic  retina. 

D.  Improve  noninvasive  methods  for  determining  oxygen 
saturation  in  retinal  blood  vessels. 

E.  Encourage  basic  research,  which  will  lead  to  the 
pharmacological  management  of  retinal  vascular 
disorders. 

Subtotal  Grants 
(%  of  Program) 

Total  Estimated  Cost 


1 

2 

3 

0 

2 

2 

51 

(13) 

9 
(8) 

60 

(12) 

$5,127,000 

$1,131,000 

$6,300,000 

*  Includes  four  single-center  clinical  trials:  Photocoagulation 
Studies  on  Retinal  Vein  Occlusion;  Prematurity,  Vitamin  E, 
and  Retrolental  Fibroplasia;  Tocopherol  Protection  in  Oxygen 
Induced  Retinopathy;  and  Retrolental  Fibroplasia:  Clinical 
and  Research  Aspects;  and  six  projects  of  the  multicenter 
Branch  Vein  Occlusion  Study. 

t  Does  not  include  2  contracts  for  the  Diabetic  Retinopathy 
Study;  1 1  contracts  for  the  Diabetic  Retinopathy  Vitrectomy 
Study;  12  contracts  for  the  Early  Treatment  Diabetic 
Retinopathy  Study. 
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INFLAMMATORY 
DISORDERS 

INTRODUCTION 


INFLAMMATORY  DISORDERS  of  the  retina  and 
choroid  comprise  a  large  group  of  highly  destruc- 
tive diseases  which  are  frequently  blinding  and  in 
certain  cases  are  also  very  painful.  Characterized  by 
the  accumulation  of  inflammatory  cells  and  fluid 
(edema),  these  diseases  often  affect  not  only  the 
retina  and  choroid  but  also  the  vitreous  body  and 
the  front  of  the  uvea  (the  ciliary  body  and  iris). 
When  the  iris  and  ciliary  body  are  involved, 
secondary  glaucoma  and  cataract  related  to  the 
inflammation  may  result.  Although  all  these  disor- 
ders are  commonly  referred  to  as  "uveitis,"  it 
should  be  stressed  that  parts  of  the  eye  other  than 
the  uvea  are  frequently  involved. 

Inflammatory  disorders  of  the  retina  can  cause 
severe  visual  impairment  or  blindness,  particularly 
when  they  affect  the  macula,  the  nerve  fibers  that 
lead  from  the  macula  to  the  optic  nerve,  or  the  optic 
nerve  itself.  Although  people  with  uveitis  may 
retain  peripheral  vision,  they  generally  will  not  be 
able  to  see  more  than  the  large  "E"  on  a  visual 
acuity  chart  or  read  ordinary  newsprint  without  the 
aid  of  very  strong  magnifiers.  In  addition  to  its 
blinding  effects,  inflammation  may  produce  various 
other  symptoms  including  floating  spots,  image 
distortion,    severe    sensitivity    to    light,    and    pain. 

According  to  the  National  Society  to  Prevent 
Blindness,  uveitis  and  chorioretinitis  resulted  in 
approximately  1,300  new  cases  of  legal  blindness  in 
1978.  Stated  in  other  terms,  2.8  percent  of  all  new 
cases  of  registered  blindness  in  the  United  States  in 
that  year  were  attributable  to  inflammatory  disor- 
ders of  the  retina  and  uvea.  In  1972,  an  estimated 


67,000  Americans  had  severe  visual  impairment 
from  uveitis,  and  23,000  of  these  were  legally  blind. 
In  that  same  year,  an  estimated  $10  million  was 
spent  for  the  medical  care  of  such  patients.  These 
figures  probably  represent  only  the  tip  of  the 
iceberg  for  ocular  disability  from  inflammatory 
disorders,  because  a  surprising  number  of  patients 
slip  through  routine  screening  examinations  unno- 
ticed. Moreover,  a  loss  of  visual  acuity  in  one  eye  is 
often  not  noticed  by  the  patient  until  the  second  eye 
begins  to  be  affected. 

Although  the  major  diseases  to  be  discussed  in 
this  section  are  concerned  with  specific  pathology 
in  the  retina  and  choroid,  it  should  be  emphasized 
that  the  iris  and  ciliary  body  are  often  affected  by 
the  same  inflammatory  process.  This  is  particularly 
true  of  those  forms  of  uveitis  that  are  called  "diffuse 
uveitis."  They  include  such  entities  as  ocular  sar- 
coidosis and  the  Vogt-Koyanagi-Harada  syndrome. 

Iritis  may  also  occur  with  such  specific  chorioret- 
inal inflammations  as  toxoplasmosis,  resulting  in  the 
formation  of  synechias  which  reduce  the  ability  of 
the  pupil  to  react  to  light  and  may  lead  to  cataract 
formation  as  a  result  of  permeability  changes  that 
take  place  in  the  lens  capsule.  Iritis  may  also  cause 
secondary  glaucoma  by  plugging  spaces  in  the 
trabecular  meshwork  with  fibrin  and  inflammatory 
cells.  When  this  glaucoma  is  acute  and  severe,  it 
may  cause  blurred  vision  and  severe  pain  due  to 
corneal  edema. 

Inflammatory  diseases  of  the  retina  and  uvea 
generally  are  divided  into  two  major  categories: 
infectious  or  noninfectious.  Infectious  agents  that 
destroy  the  retina  include  viruses,  bacteria,  fungi, 
and  protozoa.  Noninfectious  inflammatory  diseases 
of  the  retina  and  choroid  include  autoimmune 
reactions  and  other  disorders  related  to  the  immuno- 
logic defense  system  of  the  body. 
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SUBPROGRAM 
OBJECTIVES 


To  establish  the  fundamental  causes  and  etiologic 
factors  responsible  for  uveitis. 

To  develop  improved  methods  for  the  diagnosis, 
therapy,  and  prevention  of  uveitis. 

To  establish  the  clinical  manifestations,  epidemi- 
ology, natural  course,  and  prognosis  of  various 
forms  of  uveitis. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

The  National  Eye  Institute  supported  14  research 
projects  at  a  total  cost  of  $1,558,000  in  FY  1981 
dealing  with  inflammatory  disorders  of  the  retina 
and  choroid.  Important  research  in  this  area  is  also 
being  conducted  intramurally  by  the  National  Eye 
Institute  in  Bethesda,  Maryland.  A  few  related 
projects  are  currently  funded  by  other  Institutes  at 
the  NIH,  the  Veterans  Administration,  and  by 
private  funding  agencies. 

NEI-supported  research  projects  cover  a  wide 
range  of  individual  studies,  including  investigations 
of  specific  pathogens  such  as  Toxoplasma  gondii  or 
the  herpes  viruses;  immunologic  phenomena  such  as 
immune  complex  disease,  autoimmunity  to  rhodop- 
sin  or  to  soluble  antigens  derived  from  the  retina  (S- 
antigen);  and  immunogenetic  phenomena  that  pre- 
dispose certain  individuals  to  the  development  of 
inflammatory  diseases. 


RECENT 
ACCOMPLISHMENTS 

Diagnosis 

Great  advances  have  been  made  over  the  last 
decade  in  the  identification  and  isolation  of  infec- 
tious agents  that  cause  uveitis.  In  endophthalmitis 
caused  by  bacteria  and  fungi,  direct  sampling  of  the 
vitreous  by  either  simple  aspiration  or  vitrectomy 
has  facilitated  early  diagnosis  of  infection  and 
permitted  early  initiation  of  sight-saving  therapy. ' 
Even  when  bacterial  agents  could  not  be  identified, 
their  presence  could  be  inferred  by  the  lowered 
glucose  level  of  the  vitreous  humor  or  the  detection 
of  bacterial  products  such  as  endotoxins. 2  The 
analysis  of  antibodies  in  the  aqueous  and  vitreous 


humors  has  facilitated  the  diagnosis  of  nematode 
worm  infections  of  the  uvea. 3  Serologic  techniques 
of  great  accuracy  have  been  developed  for  the 
determination  of  antibody  titers.  These  include 
various  radioimmunoassays  and  the  enzyme-linked 
immunosorbent  assay  (ELISA  test)  for  the  detection 
of  antibodies  in  minute  volumes  of  fluid.  The  latter 
technique  is  being  applied  to  the  immunologic 
diagnosis  of  many  infectious  entities  including  toxo- 
plasmosis. 4  Since  the  test  requires  only  10  microli- 
ters of  fluid,  as  many  as  10  replicate  tests  can  be 
done  on  a  single  sample  of  aqueous  humor. 

Ultrasonography  and  computerized  axial  tomo- 
graphy have  been  used  to  ascertain  the  location  and 
density  of  various  lesions  at  the  posterior  pole  of  the 
eye.  This  is  particularly  useful  when  opacities  of  the 
lens  or  vitreous  prevent  adequate  visualization  of 
these  structures.  These  techniques  can  reveal 
whether  the  retina  has  become  detached  as  a  result 
of  an  inflammatory  insult.  They  can  show  the 
presence  of  a  cyclitic  membrane  behind  the  lens  of 
an  affected  individual,  and  they  can  be  useful  in 
distinguishing  neoplastic  lesions  from  inflammatory 
lesions. 

Fluorescein  angiography  has  greatly  facilitated 
the  ability  to  diagnose  the  vascular  lesions  that 
accompany  various  inflammatory  states  of  the  retina 
and  choroid.  Leakage  of  the  dye  through  the  walls 
of  diseased  retinal  vessels  may  appear  in  a  very 
specific  pattern  in  certain  inflammatory  diseases. 
The  clinical  and  pathological  correlates  of  these 
angiographic  findings  have  been  established  in 
diseases  such  as  the  Vogt-Koyanagi-Harada  syn- 
drome 5  and  Behcet's  disease. 6 

Special  enzyme  studies  performed  on  either  the 
blood  or  the  aqueous  humor  allow  an  inference  of 
the  presence  of  disease  in  individuals  with  specific 
clinical  findings.  Thus,  the  angiotensin  converting 
enzyme  has  been  found  in  the  serum  of  patients  with 
ocular  sarcoidosis. 7  The  occasional  presence  of 
abnormally  high  levels  of  lactate  dehydrogenase 
(LDH)  in  the  aqueous  humor  of  patients  with 
retinoblastoma  may  make  it  possible  to  distinguish 
this  disease  from  nematode  endophthalmitis  in  chil- 
dren. 8  However,  some  investigators  doubt  the  use- 
fulness of  this  test,  and  the  potential  risk  of  seeding 
tumor  cells  along  the  track  of  the  needle  aspiration 
must  always  be  borne  in  mind. 

The  use  of  the  gallium  scan  has  allowed  localiza- 
tion of  inflammatory  cell  infiltrations  in  the  lacrimal 
glands  and  mediastinum.  These  findings,  coupled 
with  the  presence  of  elevated  levels  of  angiotensin 
converting  enzyme  in  the  blood,  permit  a  presump- 
tive diagnosis  of  ocular  sarcoidosis  even  in  the 
absence  of  the  classical  features  of  the  clinical 
syndrome. 9 

Chorioretinal  biopsy,  initiated  in  the  rabbit 10  and 
perfected  in  the  dog, "  eventually  may  be  a  practi- 
cal and  relatively  safe  method  of  diagnosis  in  man  as 
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well. 12  In  carefully  selected  cases,  this  technique 
may  permit  a  specific  light-  and  electron-microscop- 
ic diagnosis  of  inflammatory  lesions  affecting  the 
retina  and  choroid  and  thereby  guide  the  physician 
toward  the  most  appropriate  modes  of  therapy. 
Thus  far  it  has  been  applied  only  to  the  peripheral 
retina.  However,  it  is  likely  that  postequatorial 
biopsies,  particularly  of  areas  nasal  to  the  optic  disc, 
will  eventually  become  a  practical  reality.  Provided 
that  inflammatory  diseases  of  the  retina  and  choroid 
have  a  specific  histologic  pattern,  the  opportunity 
for  precise  diagnosis  of  these  diseases  will  be  greatly 
enhanced  by  direct  chorioretinal  biopsy.  This  is 
particularly  true  of  diseases  in  which  a  particular 
organism  can  be  seen  in  tissue  sections  or  isolated  in 
culture.  The  risk  of  using  potentially  toxic  antimi- 
crobial therapy  in  such  patients  would  be  justified  if 
a  precise  diagnosis  could  be  made  by  chorioretinal 
biopsy. 

Understanding  the  Pathogenesis  of  Uveitis 

Understanding  of  the  immunologic  events  that 
accompany  certain  inflammatory  conditions  of  the 
retina  and  choroid  has  been  enormously  enhanced 
by  studies  of  experimental  inflammatory  eye  disease 
in  animal  models.  Four  distinct  immunologic  mech- 
anisms contributing  to  inflammation  in  ocular  tissues 
have  been  identified.  These  are:  anaphylactoid 
reactions,  cytotoxic  reactions,  immune  complex- 
mediated  reactions,  and  cell-mediated  reactions. 
Because  of  the  presence  of  certain  markers  on  the 
cell  membranes  of  lymphocytes,  it  is  possible  to 
distinguish  T-lymphocytes  from  B-lymphocytes  in 
tissue  sections. 13  Thus,  certain  types  of  inflamma- 
tory reactions  can  be  assigned  to  specific  cells  or 
their  mediators.  Through  the  use  of  radioactively 
tagged  antibodies,  the  presence  of  complement  in 
aggregates  of  immune  complexes  can  be  identified 
in  tissue  sections.  It  is  thus  possible  to  assign  a 
specific  role  for  immune  complexes  and  for  comple- 
ment to  specific  diseases  such  as  Behcet's  syn- 
drome. 14  Analysis  of  the  activities  of  macrophages 
and  of  their  specific  enzyme  products  has  greatly 
facilitated  the  understanding  of  diseases  such  as 
leprosy  or  mucocutaneous  candidiasis.  Both  diseases 
may  have  tragic  effects  on  the  eye,  although  they 
are  normally  well  controlled  in  individuals  whose 
immune  systems  are  not  suppressed. 

Great  strides  have  been  made  in  the  analysis  of 
autoimmune  events  within  the  eye.  Rhodopsin  and 
S-antigen  of  mammalian  photoreceptors  appear  ca- 
pable of  stimulating  autoimmune  reactions  under 
some  circumstances. 15  The  manner  in  which  these 
potential  antigens  become  exposed  to  the  lymphore- 
ticular  system  of  the  body  is  not  yet  understood. 
Therefore,  it  is  not  clear  why  normal  individuals  do 
not  develop  these  autoimmune  reactions.  The  initial 
site  where  these  autoantigens  are  processed  has  not 


been  determined.  The  pigment  epithelium  may  act 
as  a  conventional  macrophage  in  this  processing,  but 
it  is  not  known  whether  the  surface  membranes  of 
the  pigment  epithelial  cells  contain  la  antigens, 
which  are  necessary  components  of  antigen-process- 
ing cells.  These  autoimmune  reactions  may  be  tied 
to  a  defect  in  immunoregulation.  With  regard  to  the 
latter,  subsets  of  T-lymphocytes,  called  "helper  T- 
cells"  or  "suppressor  T-cells"  respectively,  appear 
to  exert  a  major  influence  on  the  development  of 
autoimmune  disease.  Analysis  of  the  subsets  of  T- 
cells  in  inflamed  ocular  tissues  has  not  yet  been 
performed,  although  circulating  T-suppressor  cells 
were  increased  in  one  study  on  patients  with 
posterior  uveitis. 16  Cyclosporine,  an  essentially  T 
cell-specific  drug, 17  has  been  shown  to  prevent  S- 
antigen  induced  uveitis  in  the  rat. 18 

Treatment 

New  antiviral  substances,  bactericidal  agents,  anti- 
protozoal substances,  antifungal  agents,  and  immu- 
nosuppressive drugs  have  greatly  enhanced  the 
ability  to  cure  infections  of  the  retina,  choroid,  and 
vitreous. 

Bacterial  infections  of  the  inner  eye  (endophthal- 
mitis), which  formerly  resulted  in  the  total  destruc- 
tion of  vision  and  an  atrophic  globe,  can  now  be 
treated  effectively  by  a  combination  of  intravenous, 
subconjunctival,  and  intravitreal  inoculations  of 
substances  such  as  gentamicin  and  cephaloridine. 
Exhaustive  studies  have  been  performed  on  animal 
eyes  to  determine  which  routes  of  inoculation  are 
most  effective  for  particular  antimicrobial  agents. 19 
Vigorous  antimicrobial  therapy,  combined  in  some 
instances  with  vitrectomy,  has  saved  the  eyes  of  a 
large  number  of  individuals  who  sustained  infections 
after  a  penetrating  injury  or  during  intraocular 
surgery. 

Viral  infections  of  the  retina  such  as  those  caused 
by  the  herpes  viruses  or  cytomegalovirus  are  princi- 
pally diseases  of  the  newborn.  But,  adults  whose 
immune  systems  have  been  compromised  by  dis- 
eases such  as  Hodgkin's  disease  or  by  immunosup- 
pressive therapy  given  to  retard  the  rejection  of 
organ  transplants  may  also  suffer  from  cytomegalo- 
virus retinitis.  Attempts  have  been  made  to  treat 
such  infections  with  adenine  arabinoside, 20  transfer 
factor, 21  or  carefully  controlled  reduction  of  the 
dosage  of  the  immunosuppressive  agents  that  they 
were  taking. 22 

Fungal  diseases  of  the  retina  such  as  those  caused 
by  Candida  albicans  can  be  treated  effectively  by 
combinations  of  amphotericin  B  and  flucytocine, 
provided  that  the  diagnosis  is  promptly  made.  Once 
the  disease  has  spread  anteriorly  into  the  vitreous,  it 
is  usually  necessary  to  perform  a  total  vitrectomy 
and  inject  antifungal  agents  into  the  vitreous  cavity. 
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New  agents  that  can  be  given  with  relative  safety  by 
parenteral  routes  include  miconazole  and  ketocona- 
zole.  The  efficacy  of  these  agents  in  the  treatment  of 
systemic  fungal  infections  such  as  coccidioidomyco- 
sis has  been  established.  In  all  these  infections,  the 
potential  risk  from  the  toxicity  of  the  drug  must  be 
carefully    balanced    against    its    beneficial    effects. 

New  agents  such  as  clindamycin23  and  minocy- 
cline24 are  effective  in  treating  toxoplasmic  retino- 
choroiditis.  This  disease,  caused  by  a  one-celled 
intracellular  parasite,  destroys  the  central  vision  of 
thousands  of  people  worldwide  every  year.  Recur- 
rences of  the  inflammation,  attributed  to  the  release 
of  parasites  from  intraretinal  cysts,  are  the  most 
distressing  aspect  of  the  disease.  There  is  now  some 
indication  that  clindamycin  and  its  derivatives  may 
penetrate  the  cysts  of  Toxoplasma  and  inactivate 
organisms  that  might  otherwise  be  free  to  cause 
recurrent  retinal  infections. 

Autoimmune  diseases  of  the  retina  and  choroid 
that  once  had  a  hopeless  prognosis  have  now  been 
satisfactorily  treated  by  immunosuppressive  agents 
such  as  chlorambucil  and  cyclophosphamide.  In 
diseases  such  as  Wegener's  granulomatosis,  more  a 
corneal  problem  than  a  uveal  problem,  cyclophos- 
phamide has  arrested  the  process  in  virtually  100 
percent  of  the  treated  cases. 25  Behcet's  disease  of 
the  retina,  a  disorder  of  almost  uniformly  bad 
prognosis,  has  now  been  treated  very  effectively 
with  immunosuppressive  agents  such  as  chlorambu- 
cil. While  all  these  agents  have  potentially  serious 
side  effects  such  as  the  development  of  malignant 
neoplasms,  sterility,  and  serious  blood  dyscrasias, 
the  risk-benefit  ratio  favors  their  use  in  a  number  of 
these  otherwise  hopeless  conditions. 

In  addition,  a  clinical  trial  was  recently  begun  at 
the  NEI  to  determine  whether  Cyclosporine  is 
helpful  to  posterior  uveitis  patients  with  demonstrat- 
ed sensitivity  to  S-antigen. 

Surgery  for  a  number  of  forms  of  uveitis  has  also 
proved  to  be  of  great  benefit.  In  the  past,  severe 
inflammatory  reactions  in  the  vitreous  often  caused 
traction  detachments  of  the  retina.  They  also  pro- 
duced dense  membranes  that  interrupted  the  passage 
of  light  rays  to  the  central  portion  of  the  retina.  The 
development  of  vitrectomy  has  saved  useful  vision 
for  a  large  number  of  patients.  This  form  of  therapy 
has,  for  example,  proved  effective  in  the  treatment 
of  severe,  chronic  vitreous  inflammations  resulting 
from  toxoplasmic  retinochoroiditis. 26  Severe  en- 
dophthalmitis of  either  bacterial  or  fungal  origin  has 
also  been  treated  effectively  by  vitrectomy. 27 

Other  important  forms  of  therapy  being  evaluated 
include  the  use  of  photocoagulation  for  treating 
indolent  toxoplasmic  infections  of  the  retina28  and 
eradicating  subretinal  neovascular  networks  such  as 
those  that  appear  in  the  wake  of  histoplasmic 
choroiditis.  These  treatments,  added  to  a  long  list  of 
antimicrobial  and  anti-inflammatory  regimens,  have 


added    greatly    to    the    ability    to    control    severe 
inflammatory   lesions   of  the   retina   and   choroid. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

Improved  Diagnosis:  Identification  of 
Pathogens 

Because  the  precise  etiology  of  the  majority  of 
uveitis  cases  remains  unknown,  new  efforts  must  be 
directed  toward  the  development  of  methods  for 
making  a  direct  diagnosis  from  ocular  tissues. 
Important  beginnings  have  been  made  by  the 
isolation  of  bacteria  and  fungi  from  vitreous  aspi- 
rates, obtained  by  direct  sampling  from  eyes  afflict- 
ed with  endophthalmitis.  These  studies  should  now 
be  extended  to  include  viruses  and  other  agents, 
which  have  proved  more  difficult  to  isolate. 

New  technological  methods  are  available,  includ- 
ing co-cultivation  of  tissue  specimens  in  special 
tissue  culture  media  that  utilize  specific  cell  lines. 
Isolation  of  suspected  viruses  might  also  be  attempt- 
ed in  immunosuppressed  mice.  When  abundant 
vitreous  exudate  is  present,  attempts  should  be  made 
first  to  isolate  the  viruses  from  the  vitreous  itself. 
When  the  locus  of  the  inflammation  is  limited  to  the 
retina,  it  may  be  possible  to  isolate  the  positive 
agents  from  peripheral  chorioretinal  biopsies. 

Analysis  of  Immunologic  Events  in  Diseased 
Retinal  Tissue 

There  is  an  urgent  need  to  analyze  the  cellular  and 
humoral  components  of  inflammatory  disease  in 
specimens  of  human  ocular  tissue.  Rapidly  expand- 
ing technology  in  this  area  recently  has  provided 
methods  for  identifying  cell-membrane  markers, 
immune  complex  depositions,  complement  deposi- 
tion, and  other  immunologic  factors  that  contribute 
to  the  inflammatory  process.  Different  forms  of 
uveitis  may  be  distinguishable  on  the  basis  of  the 
immunologic  components  participating  in  a  given 
reaction.  For  example,  the  deposition  of  immune 
complexes  may  be  a  major  factor  in  the  pathogene- 
sis of  Behcet's  disease;  this  has  been  demonstrated  in 
the  lung  and  skin, 14  but  ocular  tissue  has  not  yet 
been  extensively  examined  for  evidence  of  these 
phenomena.  On  the  other  hand,  cell-mediated  reac- 
tions may  play  a  much  more  important  role  in 
diseases  such  as  ocular  toxoplasmosis  and  cytomega- 
lovirus infections  of  the  retina. 

The  rapidly  expanding  field  of  immunology  is 
likely  to  make  the  most  significant  contributions  to 
research   into   the   causes   of  uveitis.    Particularly 
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within  the  last  decade,  the  application  of  basic 
immunologic  laboratory  techniques  to  the  study  of 
ocular  tissues  has  yielded  highly  important  informa- 
tion, providing  the  researcher  and  clinician  with 
new  insights  into  the  probable  cause  of  various 
forms  of  uveitis.  For  example,  a  recent  study29 
showed  that  patients  with  recurrent  ocular  toxoplas- 
mosis manifested  high  levels  of  cellular  reactivity  to 
S-antigen,  a  soluble  autoantigen  derived  from  the 
outer  segments  of  the  retinal  photoreceptors.  It 
seems  likely  that  toxoplasmic  infection  caused  de- 
structive changes  in  the  photoreceptors,  which 
allowed  for  presentation  of  this  autoantigen  to  the 
body's  lymphoreticular  system.  Recurrent  lesions  of 
toxoplasmic  retinochoroiditis  may  represent  an  im- 
munologic reaction  not  only  to  Toxoplasma  anti- 
gens, but  to  autoantigens  of  the  retina  as  well. 
Without  the  development  of  tissue  culture  tech- 
niques that  have  permitted  the  culture  of  lympho- 
cytes from  the  buffy  coat  of  the  patient's  blood  in 
the  presence  of  antigens,  such  studies  would  not 
have  been  possible. 

Defects  in  immune  regulation  need  to  be  investi- 
gated in  ocular  inflammatory  disease  and  other 
forms  of  autoimmune  disease.  It  seems  clear  that 
subsets  of  T-lymphocytes  called  helper  cells  or 
suppressor  cells  modulate  immunologic  processes  at 
all  times  and  in  all  tissues.  Defects  in  this  system 
give  rise  to  autoimmune  diseases  such  as  lupus 
erythematosus.  However,  these  phenomena  have 
not  yet  been  studied  in  the  eye.  Study  of  these 
factors  is  likely  to  provide  crucial  information 
concerning  the  pathogenesis  of  such  diseases  as 
sympathetic  ophthalmia,  lupus  erythematosus,  and 
other  forms  of  retinal  vasculitis. 

Analysis  of  Genetic  Factors  in  Inflammatory 
Disease 

Increased  effort  should  be  devoted  to  the  analysis  of 
genetic  factors  that  may  predispose  certain  individ- 
uals to  the  development  of  specific  types  of  inflam- 
matory disease.  Preliminary  research,  mainly  by 
Japanese  investigators,  showed  a  link  between  the 
development  of  Behcet's  disease  and  the  possession 
of  the  HLA  antigen  B-5.  Although  this  research  has 
been  partially  substantiated  by  findings  in  French 
and  Turkish  patients, 30  it  does  not  seem  to  apply  to 
the  majority  of  Caucasian  patients  with  this  disease. 
The  same  is  true  of  patients  with  the  Vogt- 
Koyanagi-Harada  syndrome  which  is  associated 
with  the  HLA  antigen  BW22-J  in  Japan;  this  finding 
has  not  been  confirmed  in  studies  of  Caucasian 
patients. 

It  seems  likely  that  the  combined  activity  of 
certain  "B"  and  "D"  locus  antigens  may  ultimately 
control  the  way  in  which  certain  immunologically 
mediated  diseases  are  expressed.  Because  the  deter- 
mination of  "D"  antigens  is  difficult  and  expensive, 


this  line  of  research  has  not  been  pursued  actively  in 
inflammatory  eye  diseases.  However,  this  is  an  area 
that  must  be  pursued,  for  it  is  important  to  deter- 
mine which  patients  are  at  risk  for  developing 
certain  kinds  of  inflammatory  disease  of  the  posteri- 
or segment.  Careful  monitoring  of  the  patients  at 
risk  may  enable  ophthalmologists  to  detect  such 
disease  at  its  earliest  stages.  Effective  therapy  can 
often  be  delivered  at  these  stages,  whereas  advanced 
cicatricial  disease  is  difficult  to  deal  with  by  any 
mode  of  currently  available  therapy. 

Establishment  of  Animal  Models  of  Retinal 
Inflammatory  Disease 

Human  inflammatory  diseases  of  the  posterior  seg- 
ment are  often  mimicked  by  certain  spontaneously 
occurring  diseases  in  animals.  For  example,  a 
species  of  dog  called  the  Akita  develops  a  form  of 
diffuse  uveitis  which  is  similar  to  the  Vogt-Koyan- 
agi-Harada  syndrome.  It  produces  bilateral  iriodo- 
cyclitis,  serous  detachments  of  the  retina,  vitiligo, 
and  poliosis.  The  disease  seems  to  be  specific  for  this 
particular  breed  of  dog.  Genetic  studies  as  well  as 
histopathologic  and  immunological  studies  need  to 
be  conducted  on  such  animals  to  determine  the 
relationship  of  this  disease  to  human  disease. 

Uveitis  may  be  produced  experimentally  by  a 
number  of  standard  procedures  such  as  the  injection 
of  bland  serum  proteins  into  the  vitreous.  However, 
most  experimentation  in  this  field  has  been  done  in 
outbred  species  such  as  the  rabbit.  Such  experiments 
should  be  conducted  in  inbred  species  of  known 
genetic  background  such  as  certain  mice  and  guinea 
pigs,  which  are  available  for  this  purpose.  Only  by 
the  use  of  inbred  species  can  immunopathological 
events  be  interpreted  accurately.  This  is  an  impor- 
tant area  of  research  that  requires  further  develop- 
ment. 

Ultimately,  experimental  uveitis  that  closely  simu- 
lates naturally  occurring  conditions  in  man  must  be 
produced  in  the  retinas  of  subhuman  primate  spe- 
cies. To  draw  valid  conclusions  about  the  parallel- 
ism between  experimentally  produced  disease  and 
naturally  occurring  human  disease,  lesions  should  be 
produced  in  retinal  tissue  in  which  the  anatomy  and 
vascular  supply  can  be  compared  to  that  of  man. 

Utilization  of  Clinicopathologic  Correlations 
of  Inflammatory  Eye  Disease  in  Man 

Systematic  examination  is  needed  of  enucleated  or 
autopsy  eyes  from  individuals  whose  inflammatory 
eye  disease  has  been  well-documented.  The  history 
of  the  disease  and  its  physical  manifestations,  fundus 
photography,  fluorescein  angiography,  field  studies, 
and  electrophysiologic  data  should  be  assembled 
according  to  carefully  prepared  protocols.  Special 
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attempts  should  then  be  made  to  obtain  these  eyes  at 
the  time  of  enucleation  or  upon  the  death  of  the 
patient.  Correlation  of  histopathologic,  ultrastruc- 
tural,  immunological,  and  biochemical  studies  with 
clinical  findings  should  be  made  in  a  search  for 
pathogenetic  mechanisms. 

Analysis  of  the  biochemical  events  that  lead  to 
and  accompany  inflammation  has  resulted  in  a  great 
deal  of  information  that  is  potentially  applicable  to 
the  study  of  ocular  inflammation.  Of  particular 
interest  are  chemotactic  substances  such  as  "eosino- 
phil chemotactic  factor"  (which  is  released  by 
degranulating  mast  cells),  leukotactic  molecules 
such  as  the  C3B  component  of  complement,  and 
lymphokines  secreted  by  sensitized  T-lymphocytes 
upon  contact  with  a  specific  antigen.  The  latter 
substances  are  responsible  for  the  arrest  of  macro- 
phages at  tissue  sites  where  they  are  needed  to 
combat  infection  and  for  agglutinating  macrophages 
under  certain  circumstances.  These  same  macro- 
phages may  eventually  liberate  "suppressor  factors" 
(probably  prostaglandins),  which  play  a  role  in 
turning  off  inflammation;  this  is  part  of  the  body's 
mechanism  for  maintaining  homeostasis.  Inflamma- 
tion plays  a  useful  role  in  the  body,  but  it  must 
always  be  kept  from  getting  out  of  hand. 

Even  the  small  number  of  biochemical  substances 
mentioned  in  the  paragraph  above  suggest  the 
complexity  of  the  chemical  events  that  occur 
simultaneously  in  inflamed  tissues.  Methods  have 
been  devised  to  measure  these  substances,  and  in 
most  cases  microanalytical  methods  suitable  for  the 
study  of  small  samples  of  ocular  tissue  are  already 
available.  These  techniques  need  to  be  applied  to 
studies  of  the  eye  if  an  intelligent  analysis  of  the 
events  leading  to  ocular  inflammation  is  to  be  made. 

In  this  connection,  the  National  Eye  Institute 
recently  sponsored  a  series  of  three  workshops 
concerned  with  ocular  immunology.  The  first  of 
these  dealt  with  immunogenetics  and  transplantation 
immunity;  the  second,  with  autoimmunity;  and  the 
third,  with  infection  and  inflammation.  At  these 
meetings,  the  state  of  the  art  in  each  of  these  fields 
was  presented  by  experts  representing  a  wide  range 
of  investigatory  efforts.  Clearly,  the  technology, 
which  was  developed  mainly  in  fields  outside  of 
ophthalmology,  is  available,  but  how  can  the  man- 
power be  obtained  to  apply  these  highly  sophisticat- 
ed techniques  to  the  problems  of  ocular  inflamma- 
tion? If  experts  highly  experienced  in  these  tech- 
niques can  be  attracted  to  vision  research,  can  they 
be  supported  on  a  long-term  basis?  Can  physicians 
who  are  trained  as  ophthalmologists  acquire  the 
necessary  laboratory  skills  to  study  these  problems? 
Can  these  ophthalmologists  be  supported?  These  are 
important  questions  that  as  yet  have  not  been 
answered. 


Application  of  Immunologic  Studies  to  Other 
Related  Diseases  of  the  Posterior  Segment 

Recent  studies  suggest  that  the  immune  system  may 
play  some  role  in  certain  degenerative  diseases  of 
the  retina. 31  In  retinitis  pigmentosa,  for  example, 
there  is  some  indication  of  altered  reactivity  to  S- 
antigen.  It  is  highly  likely  that  this  has  a  genetic 
basis.  Further  studies  need  to  be  done  on  the 
possible  immunopathogenesis  of  retinitis  pigmentosa 
and  related  degenerative  diseases.  It  is  conceivable 
that  if  immunoregulatory  mechanisms  are  defective 
in  some  of  these  patients,  the  defects  might  be 
corrected  therapeutically,  but  this  is  a  long-range 
objective. 

The  epidemiology  of  many  theoretically  prevent- 
able diseases  of  the  retina  and  choroid  has  not  been 
satisfactorily  investigated.  This  is  particularly  true 
of  infectious  entities  such  as  toxoplasmosis  and 
toxocariasis,  in  which  the  exact  mode  of  man's 
acquisition  of  the  disease  has  not  been  established. 
Surveys  such  as  that  recently  published  by  Schantz 
et  al32  have  identified  risk  factors  for  toxocaral 
ocular  larva  migrans  in  man,  particularly  with 
respect  to  exposure  to  dogs  and  cats,  but  no 
systematic  analysis  of  the  factors  that  predispose  an 
infected  person  to  inflammatory  disease  of  the  retina 
and  choroid  has  been  undertaken.  Clearly,  this  is  a 
very  large  task,  since  the  factors  contributing  to  the 
appearance  of  inflammatory  disease  in  certain  indi- 
viduals, but  not  others,  must  be  multiple.  Endog- 
enous factors  (genetic  background,  endocrine  status, 
immunologic  status,  age,  sex,  and  nutritional  status), 
environmental  factors  (climate,  exposure  to  vectors, 
and  industrial  conditions),  and  lifestyle  (eating  and 
sexual  habits)  must  all  be  taken  into  consideration. 
Epidemiologic  methods  for  the  analysis  of  these 
factors,  aided  by  computerized  logging  and  sorting 
of  the  data,  are  currently  available  and  have  been 
utilized  in  the  study  of  other  disorders.  Such 
methods  also  should  be  employed  in  an  epidemio- 
logic study  of  uveitis. 

Exploration  of  New  Forms  of 
Immunosuppressive  Therapy 

Great  advances  have  been  made  in  the  use  of 
immunosuppressive  therapy  for  the  control  of  in- 
tractable idiopathic  uveitis.  However,  the  results  of 
these  therapies  have  not  been  analyzed  by  random- 
ized double-masked  trials.  Since  the  number  of 
patients  is  usually  small  at  any  one  institution, 
collaborative  studies  involving  multiple  institutions 
could  properly  evaluate  the  efficacy  and  safety  of 
any  one  drug  or  combination  of  drugs.  Satisfactory 
protocols  must  be  developed  so  that  accurate 
conclusions  can  be  drawn  from  the  results. 
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Training  Needs 

Sufficient  numbers  of  research-oriented  personnel 
must  be  trained  in  modern  methods  concerned  with 
infectious  and  immunologic  diseases  of  the  eye. 
Such  personnel  must  come  from  the  basic  sciences 
and  from  ophthalmology  and  be  trained  in  institu- 
tions where  large  numbers  of  patients  with  inflam- 
matory diseases  of  the  retina  and  choroid  are  seen 
on  a  regular  basis.  Adequate  equipment  must  be 
available  to  document  the  physical  aspects  of  the 
inflammatory  eye  disease,  and  the  neurophysiologic 
changes  that  may  have  affected  the  ocular  tissues. 
The  primary  training  mechanism  should  be  postdoc- 
toral fellowships  granted  to  individuals  who  show 
promise  of  doing  creditable  work  in  academic 
research. 

Additional  educational  opportunities  should  be 
made  available  through  NEI-sponsored  workshops 
and  symposia  dealing  with  infectious  and  inflamma- 
tory diseases  of  the  eye,  scheduled  to  take  maximal 
advantage  of  emerging  research  methodologies.  The 
agenda  of  the  workshops  should  be  such  that 
scientific  interactions  can  occur  between  research- 
ers in  ophthalmology  and  those  in  various  basic 
sciences. 


RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Inflammatory  Disorders,"  the 
Panel  has  made  the  following  recommendations 
concerning  research  in  this  subprogram  over  the 
next  five  years.  These  have  been  grouped  under  two 
headings:  Program  Base  and  Program  Development 
Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 


years,  provided  that  high  quality  applications  for 
research   grants   in    these   areas   are   forthcoming. 

Program  Base 

■  Develop  and  improve  methods  for  the  diagnosis 
of  specific  inflammatory  diseases  of  the  retina  and 
choroid. 

■  Utilize  inbred  strains  of  animals  to  produce 
models  of  chronic  or  recurring  inflammatory 
diseases  of  the  retina  and  choroid;  immunogens 
that  can  be  standardized  should  be  used. 

■  Determine  the  epidemiology,  pathogenesis,  and 
nature  of  the  uveal  response  to  infectious  agents. 

■  Analyze  the  immunopathogenic  responses  in 
uveitis. 

■  Develop  drug  delivery  systems  that  optimize  the 
delivery  of  pharmacological  agents  to  target  sites 
in  the  retina  or  uvea. 

Program  Development  Priorities 

■  Search  for  the  etiology  of  various  inflammatory 
diseases  caused  by  infectious  agents  using  the 
most  modern  methods  for  isolating  the  pathogen. 

■  Establish  the  usefulness  and  safety  of  vitreous 
and  chorioretinal  biopsies  for  diagnosing  and 
managing  inflammatory  disorders. 

■  Make  maximum  use  of  surgical  specimens  and 
autopsy  eyes  to  obtain  information  on  the  patho- 
genetic mechanisms  responsible  for  inflammatory 
diseases  in  humans. 

■  Determine  the  role  of  autoantigens,  particularly 
those  derived  from  the  retina,  in  the  induction  of 
chronic  inflammatory  disease. 

■  Conduct  randomized  controlled  clinical  trials  of 
antimicrobial  and  anti-inflammatory  agents  in  the 
treatment  of  retinal  and  uveal  inflammatory 
diseases. 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 

INFLAMMATORY  DISORDERS 

No.  of  Grants                     Panel  Recommendation  FY  83 
FY  1981 Add.  Grants Total  Grants 

Program  Base 

A.  Develop  and  improve  methods  for  the  diagnosis  of  1  12 
specific  inflammatory  diseases. 

B.  Utilize  inbred  strains  of  animals  to  produce  models  of  3  0  3 
chronic  or  recurring  inflammatory  diseases. 

C.  Determine  the  epidemiology,  pathogenesis,  and  nature  4  0  4 
of  the  uveal  response  to  infectious  agents. 

D.  Analyze  the  immunopathogenic  responses  in  uveitis.  5  0  5 

E.  Develop  drug  delivery  systems  that  optimize  the  0  1  1 
delivery  of  pharmacological  agents  to  target  sites  in  the 

retina  or  uvea. 

Program  Development  Priorities 

A.  Search  for  the  etiology  of  various  inflammatory 
diseases  caused  by  infectious  agents. 

B.  Establish  the  usefulness  and  safety  of  vitreous  and 
chorioretinal  biopsies. 

C.  Make  maximum  use  of  surgical  specimens  and  autopsy 
eyes  for  information  on  pathogenetic  mechanisms. 

D.  Determine  role  of  autoantigens  in  the  induction  of 
chronic  inflammatory  disease. 

E.  Conduct  randomized  controlled  clinical  trials  of 
antimicrobial  and  anti-inflammatory  agents. 

Subtotal  Grants 
(°?o  of  Program) 

Total  Estimated  Cost 


0 

1 

1 

0 

1 

1 

0 

2 

2 

1 

3 

4 

0 

2 

2 

14 

11 

25 

(4) 

(10) 

(5) 

$1,558,000 

$1,067,000 

$2,625,000 
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TUMORS 


INTRODUCTION 

THE  TWO  MOST  frequent  intraocular  tumors  are 
choroidal  melanoma  and  retinoblastoma.  Because 
they  threaten  life  as  well  as  sight,  early  detection 
and  effective  treatment  are  of  particular  concern  to 
the  ophthalmologist.  The  development  of  improved 
therapies  for  these  tumors  requires  a  better  under- 
standing of  their  basic  biology  and,  for  choroidal 
melanoma,  a  clearer  understanding  of  its  natural 
course. 

Ocular  Melanoma 

Malignant  melanomas  of  the  choroid  and  ciliary 
body  are  the  most  common  primary  intraocular 
neoplasms,  comprising  approximately  80  percent  of 
all  eye  malignancies.  The  annual  age-adjusted  inci- 
dence of  choroidal  melanoma  is  0.7  per  100,000 
population  in  the  United  States, 1  and  approximately 
1,500  new  cases  are  diagnosed  annually.  The  overall 
mortality  rate  for  these  tumors  at  five  years  is  35 
percent,  but  for  large  or  cytologically  malignant 
tumors  (that  is,  epithelioid  cell  type),  the  five-year 
mortality  rate  approaches  90  percent. 2 

Knowledge  of  the  epidemiology  and  pathogenesis 
of  these  tumors  is  limited.  Age  and  race  are 
recognized  risk  factors  for  the  development  of 
choroidal  melanoma.  Although  sunlight  exposure  is 
cited  as  a  major  causative  factor  for  melanomas  of 
the  skin  and  probably  the  conjunctiva,  the  incidence 
of  choroidal  melanoma  shows  no  such  relation- 
ship. 1*3 

Diagnosis  of  ciliary  body  and  choroidal  melano- 
mas has  become  highly  accurate  at  eye  centers 
where  experienced  clinicians  and  ancillary  testing 
facilities    are    available    (Figure    1).    The    rate    of 


mistaken  diagnosis,  including  both  false  positive  and 
false  negative  conclusions,  is  approximately  6  per- 
cent. "  Although  the  cornerstone  of  diagnosis  in 
posterior  uveal  melanoma  remains  clinical  examina- 
tion by  experienced  observers,  ancillary  diagnostic 
testing,  including  ophthalmic  ultrasound,  and  fluo- 
rescein angiography  can  be  extremely  valuable.5-7 
The  development  of  immunologic  testing  shows 
some  potential  for  future  use  in  the  diagnosis  of 
ocular  melanomas,  although  at  present  it  does  not 
offer  results  as  reliable  as  other  methods. 8"10 


FIGURE  1.  A  melanoma  of  the  ciliary  body  (m)  invading  the  angle  and 
spreading  onto  the  surface  of  the  iris  (i)  as  viewed  through  a  special 
diagnostic  gonioscopic  contact  lens;  (p  =  pupil). 


Knowledge  of  the  natural  course  of  ocular  mela- 
nomas is  essential  for  designing  and  evaluating 
treatment  regimens.  But,  limited  data  are  available 
on  the  growth  characteristics  and  metastatic  poten- 
tial of  both  large  and  small  tumors.  Virtually 
nothing  is  known  about  the  frequency  of  spontane- 
ous regression  of  these  lesions,  and  only  limited 
information  is  available  about  the  frequency  of 
metastatic  disease  at  the  time  these  patients  are  first 
seen  in  the  clinic. 
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Because  of  these  many  uncertainties,  the  efficacy 
of  the  standard  therapy  for  melanomas  of  the 
choroid,  namely,  enucleation,  in  the  prevention  of 
metastatic  disease  has  become  the  focus  of  intense 
controversy.11-12  Alternative  management  ap- 
proaches include  observation  of  lesions  for  evidence 
of  growth,  proton  beam-irradiation,  cryotherapy, 
laser  photocoagulation,  and  full  thickness  eye  wall 
resection  with  tumor  removal.13"16  The  relative 
efficacy  of  these  procedures  in  preventing  or  delay- 
ing metastatic  disease  when  compared  to  enucle- 
ation has  not  been  established.  Thus,  the  clinician 
caring  for  a  patient  with  a  choroidal  melanoma, 
particularly  a  small-  or  medium-sized  lesion  in  an 
eye  with  good  visual  acuity,  faces  a  difficult 
dilemma. 

Retinoblastoma 

Retinoblastoma  is  the  most  common  intraocular 
tumor  in  children  and  may  be  the  most  common 
congenital  tumor  of  any  type.  Various  studies  in  the 
United  States  and  Western  Europe  in  the  last  40 
years  have  indicated  that  retinoblastoma  occurs  in 
approximately  1  in  23,000  live  births. 17  Not  only 
does  retinoblastoma  cause  blindness,  it  also  can 
cause  death.  Moreover,  approximately  35  to  40 
percent  of  these  cases  are  hereditary,  and  other 
siblings  also  are  at  risk.  A  disturbing  feature  of 
retinoblastoma  is  that  its  frequency  may  be  increas- 
ing. 18 

The  incidence  of  retinoblastoma  may  be  higher  in 
some  races  and  in  other  parts  of  the  world  than  the 
United  States  and  Europe.  In  a  study  in  Haiti,  for 
example,  the  estimated  frequency  of  retinoblastoma 
was  calculated  at  1  in  every  3,300  live  births,  and 
the  estimated  incidence  rate  was  1 1  per  100,000. 19 
In  Nigeria,  retinoblastoma  was  reported  to  occur  in 
1  of  every  192  patients  examined  over  a  two  and 
one-half  year  period, 20  and  in  Jamaica  its  annual 
incidence  was  24  per  100,000  in  the  0  to  4  year  age 
group. 21 

An  epidemiologic  review  of  269  deaths  secondary 
to  retinoblastoma  showed  that  peak  mortality  oc- 
curred at  2  to  3  years  of  age  and  was  two  and  one- 
half  times  higher  in  blacks  than  whites. 22  In  addi- 
tion, a  higher  mutation  rate  for  retinoblastoma  was 
reported    in    blacks    than    for    whites    in    Ohio. 23 

The  costs  of  this  disorder  to  the  individual  and 
society  are  high.  Although  retinoblastoma  can  be 
accurately  diagnosed  and  effectively  treated  in 
about  90  percent  of  patients,  treatment  usually  is 
destructive  and  results  in  loss  of  vision  (Figure  2). 
Retinoblastoma  victims  whose  tumors  have  been 
cured  but  whose  vision  has  been  lost  experience  the 
same  economic  difficulties  and  social  tragedies  as  do 
other  victims  of  childhood  blindness. 24  Retinoblas- 
toma patients  constitute  a  significant  portion  of  the 
population  in  schools  for  the  blind. 


FIGURE  2.  Advanced  retinoblastoma  destroying  the  eye  and  invading  the 
surrounding  tissues  in  a  child. 


The  management  of  retinoblastoma  may  involve 
the  use  of  various  modalities:  two  types  that  treat 
the  entire  retina,  such  as  radiotherapy  and  chemo- 
therapy, 25  and  four  that  treat  well  localized  areas 
within  the  retina;  these  are  diathermy,  radon  seeds 
and  Co  60  plaques,  light  coagulation,  and  cryothera- 
py- 

Some  insight  has  been  gained  into  the  pattern  of 
inheritance  of  retinoblastoma,  and  in  certain  clear- 
cut  cases  it  can  be  established  whether  the  disease  is 
inherited  or  familial.  On  the  other  hand,  it  is  often 
difficult  to  distinguish  the  hereditary  from  the 
nonhereditary  form,  and  it  may  not  be  possible  to 
predict  which  family  members  will  be  affected  and, 
if  affected,  which  will  have  unilateral  or  bilateral 
disease. 

On  a  more  basic  level,  the  cause  of  retinoblastoma 
is  unknown,  and  its  pathogenesis  is  poorly  under- 
stood. For  example,  the  cell  of  origin  is  still 
controversial.  This,  of  course,  has  practical  signifi- 
cance in  determining  whether  the  pathogenesis 
might  lead  to  diagnostic  clues  for  earlier  and  more 
definitive  detection.  Finally,  although  retinoblasto- 
ma undergoes  spontaneous  regression  more  com- 
monly than  does  any  other  tumor,  nothing  is  known 
of  the  factors  that  induce  the  regression. 
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SUBPROGRAM 
OBJECTIVES 


RECENT 
ACCOMPLISHMENTS 


Ocular  Melanoma 

■  To  determine  the  natural  history  and  pathogene- 
sis of  ocular  melanoma  with  special  emphasis  on 
utilizing  the  latest  biochemical,  histochemical, 
and  immunologic  techniques. 

■  To  define  the  epidemiology  of  ocular  tumors 
with  an  emphasis  on  identifying  possible  risk 
factors  for  their  development. 

■  To  determine  the  efficacy  of  treatments  in  ran- 
domized controlled  clinical  trials. 

■  To  understand  the  role  of  immunity  in  the  disease 
process. 

■  To  develop  and  refine  methods  of  diagnosing  and 
characterizing  ocular  tumors. 

Retinoblastoma 

■  To  determine  the  etiology  and  pathogenesis  of 
retinoblastoma. 

■  To  differentiate  retinoblastomas  that  are  genetic 
in  origin  from  those  that  are  not. 

■  To  improve  the  effectiveness  of  retinoblastoma 
treatment  with  emphasis  on  preserving  vision. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

In  fiscal  year  1981,  15  research  grants  for  the  study 
of  ocular  melanoma  were  funded  by  the  National 
Eye  Institute.  Areas  of  investigation  included  immu- 
nodiagnosis,  correlation  of  malignant  potential  to 
histopathologic  diagnosis,  experimental  chemothera- 
py, and  a  virus-induced  ocular  melanoma  model  in 
the  cat.  Other  studies  included  investigation  of  the 
prognosis,  diagnosis,  treatment,  pathogenesis,  and 
etiology    of  both    retinoblastoma   and    melanoma. 

Three  grants  were  funded  in  FY  1981  for  the 
study  of  retinoblastoma.  Biochemical  and  cytoge- 
netic markers,  in  vitro  studies  of  established  cell 
lines,  and  animal  models  in  the  rat  and  mouse  were 
the  foci  of  these  investigations. 

The  total  cost  of  these  eighteen  grants  for  tumor 
research  was  $1,887,000. 


Ocular  Melanoma 

Among  the  most  important  advances  in  understand- 
ing the  pathogenesis  and  treatment  of  choroidal 
melanoma  are:  apparent  promise  for  successful 
treatment  with  proton  beam-irradiation; 1426  demon- 
stration of  an  increased  incidence  of  choroidal 
melanoma  in  a  single  population  of  chemical  work- 
ers; 27  successful  heterotransplantation  of  choroidal 
melanoma  into  the  athymic  nude  mouse; 28  demon- 
stration of  tumor  specific  immune  responsiveness  in 
patients  with  choroidal  melanoma; a9  chemical  in- 
duction of  uveal  melanoma  and  other  intraocular 
tumors  in  laboratory  animals; 29  and  induction  of 
uveal  melanomas  in  cats  using  the  feline  sarcoma 
virus. 30 


Retinoblastoma 

Histopathology  and  Ultrastructure.  Fleurettes 
(Figure  3),  structures  interpreted  to  represent  pho- 
toreceptor differentiation,  have  been  described  in 
retinoblastoma  and  their  implications  for  prognosis 
and  pathogenesis  studied. 3I  In  addition,  the  Flexner- 
Wintersteiner  rosette  (Figure  4),  long  the  character- 
istic histopathologic  structure  of  retinoblastoma,  has 
been  defined  as  containing:  (1)  terminal  bars  of  the 
luminal  limiting  membrane,  (2)  cytoplasmic  micro- 
tubules, (3)  cilia  of  the  9  +  0  configuration,  (4) 
laminated  membranous  structures  in  the  lumen,  and 
(5)  acid  mucopolysaccharides  resistant  to  hyaluroni- 
dase  in  the  lumen.  In  addition,  zonula  adherens-like 
intercellular  attachments,  macula  adherens  triple 
membrane  structures,  9  +  0  cilia,  and  microtubules 
most  abundant  in  the  Golgi  area  are  characteristic 
findings  in  retinoblastoma  cells. 19  Other  characteris- 
tic structures  of  retinoblastoma  included  bristle 
coated  vesicles,  dense  core  secretory  granules, 
annulate  lamellae, 3%  33  and  basophilia  in  areas  of 
blood  vessels,  characterized  as  deposits  of  DNA. 34 

Genetic  and  Chromosomal  Studies.  A  major  ad- 
vance in  understanding  the  genetics  of  retinoblasto- 
ma has  been  Knudson's  hypothesis  suggesting  that 
retinoblastoma  is  a  form  of  cancer  caused  by  two 
mutational  events. 35  The  theory  proposes  that  in  the 
hereditary  or  prezygotic  form,  the  first  mutation  is 
germinal  and  the  second  is  somatic;  in  the  sporadic 
(nonhereditary)  or  postzygotic  form,  both  mutations 
are  somatic. 

Further  insight  into  chromosomal  changes  associ- 
ated with  retinoblastoma  has  been  gained  by  study- 
ing the  D-deletion  syndrome.  Thus  far,  13  of  45 
patients  with  this  syndrome  have  been  reported  to 
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FIGURE  3.  Microscopic  appearance  of  retinoblastoma  showing  fleurettes 
(0>  structures  in  which  the  tumor  is  attempting  to  make  normal  retina 
photoreceptor  cells. 


FIGURE  4.  The  appearance  of  a  retinoblastoma  under  the  microscope 
showing  a  characteristic  rosette-like  pattern  (R),  which  is  helpful  in 
diagnosis.  (Hematoxylin  and  eosin  stain,  400x  magnification.) 


have  retinoblastoma. 17  With  refined  techniques, 
including  autoradiography,  quinacrine  fluorescence, 
and  analysis  of  the  DNA  d-r  Giemsa  pattern,  the 
involved  area  on  the  D  chromosome  in  affected 
patients  has  consistently  been  the  long  arm  of 
chromosome  13.  The  association  of  retinoblastoma 
with  the  syndrome  involving  a  deletion  of  this 
particular  chromosome  might  suggest  the  absence  of 
the  locus  that  normally  suppresses  a  retinoblastoma 
gene,  or  the  unmasking  of  some  mechanism  that 
may  allow  increased  susceptibility  to  tumor  devel- 
opment. 

Development  of  Second  Tumors  in  Retinoblastoma 
Patients.  In  the  past  several  years,  it  has  been 
recognized  that  patients  with  the  bilateral,  presum- 


ably genetic,  form  of  retinoblastoma  have  a  high 
incidence  of  second  primary  malignancies,  and 
further,  that  this  may  occur  in  patients  not  receiving 
radiation. 36  Recently,  exciting  work  has  indicated  a 
possible  DNA  repair  deficiency  in  these  patients, 
probably  analogous  to  the  well-described  DNA 
repair  defect  seen  with  ultraviolet  light  in  xero- 
derma pigmentosa  patients. 37 

New  Techniques  for  Diagnosis.  Ultrasound  has 
proved  valuable  in  confirming  the  presence  of 
calcification,  a  characteristic  finding  in  retinoblasto- 
ma. 38  Considerable  attention  has  also  been  given  to 
the  measurement  of  lactic  acid  dehydrogenase 
(LDH)  levels  in  serum  and  aqueous  humor  in  the 
diagnosis  of  retinoblastoma.  Although  serum  LDH 
levels  currently  are  not  thought  to  be  predictive  of 
disease  activity,  and  aqueous-to-serum  ratios  and 
isoenzyme  patterns  do  not  appear  to  differ  signifi- 
cantly from  other  nonmalignant  conditions,  total 
aqueous  LDH  levels  may  have  clinical  signifi- 
cance 39  and  prognostic  value. 40  Other  factors,  in- 
cluding carcinoembryonic  antigen,  alpha  fetopro- 
tein, and  vanillylmandelic  acid  (VMA)  and  monova- 
nillic  acid  have  been  considered.  However,  the 
results  do  not  lend  themselves  to  routine  clinical 
application. 

In  Vitro  Studies  of  Human  Retinoblastoma.  The 

development  of  in  vitro  established  cell  lines  of 
retinoblastoma41,42  has  made  a  continuous  supply  of 
retinoblastoma  cells  available,  which  is  widely 
utilized  by  investigators  throughout  the  world. 
Recent  studies  of  these  cell  lines  have  demonstrated 
cellular  retinol  and  retinoic  acid  binding  pro- 
teins. 43~47  These  in  vitro  investigations  may  prove 
useful  in  determining  the  cellular  origin  of  retino- 
blastoma 48  and  give  clues  for  its  chemotherapeutic 
management. 49 

Animal  Models  of  Retinoblastoma.  Murine  retino- 
blastoma induced  by  adenovirus 50  and  retinoblasto- 
ma in  cats  induced  by  the  naturally  occurring  feline 
sarcomaleukemia  virus S1  are  available. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

Ocular  Melanoma 

Recognizing  the  need  to  define  research  priorities  in 
this  field,  the  National  Advisory  Eye  Council 
recommended  in  1980  that  the  NEI  convene  an 
Ocular  Melanoma  Task  Force.  Such  a  Task  Force 
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was  established  in  that  year  to  evaluate  the  prob- 
lems associated  with  this  disease  and  recommend 
what  research  is  needed  to  solve  them. 52  In  particu- 
lar, the  Task  Force  was  charged  with  evaluating 
conflicting  conclusions  and  recommendations  ap- 
pearing in  published  reports  about  the  management 
of  ocular  melanoma.  Research  needs  and  opportuni- 
ties were  identified  in  six  areas — epidemiology, 
diagnosis,  pathology,  natural  history,  therapy,  and 
cell  biology.  These  and  other  areas  are  reviewed  in 
the  following  discussion.  Epidemiologic  and  natural 
course  studies,  in  particular,  were  identified  by  the 
Task  Force  as  one  of  the  first  steps  toward  the  goal 
of  determining  how  best  to  manage  ocular  melano- 
ma. 

Epidemiology 

Understanding  of  the  epidemiology  of  choroidal 
melanoma  remains  incomplete.  In  large  measure, 
such  studies  have  focused  on  ocular  findings;  data 
regarding  risk  factors  other  than  sex,  age,  and  race 
are  usually  omitted.53-54  Potential  risk  factors  that 
must  be  studied  include:  ocular  and  cutaneous 
pigmentation;  exposure  to  light;  presence  of  cutan- 
eous nevi,  melanoma,  or  other  lesions;  possible 
influence  of  hormonal  factors  (for  instance,  during 
pregnancy);  neoplasms  at  organ  sites  other  than  the 
skin;  occupation;  known  exposure  to  potential  car- 
cinogens; and  sociodemographic  factors.  These  fac- 
tors can  be  compared  to  those  already  identified  as 
risks  for  cutaneous  melanoma.  Epidemiologic  case- 
control  studies  can  identify  factors  associated  with 
the  incidence  of  uveal  melanomas.  Patients  for  such 
studies  could  be  identified  by  a  national  prospective 
study  of  patients  with  uveal  melanoma. 


should  encompass  physical  examination,  laboratory 
assays  (including  liver  function  studies),  and  radiolo- 
gic studies  such  as  radioisotope  liver  scanning  or 
computerized  body  tomography. 

There  is  considerable  divergence  among  ophthal- 
mologic investigators  in  the  application  of  the 
Callender  classification  to  the  cytologic  study  of 
choroidal  melanomas. 55  Cell  type  has  been  well 
recognized  as  an  important  prognostic  indicator  in 
patients  with  these  lesions  who  undergo  enucle- 
ation, yet  there  is  considerable  evidence  that  criteria 
for  cell  type  are  not  uniformly  applied.  A  major 
effort  to  develop  precise,  consistent,  and  reproduc- 
ible histologic  criteria  for  the  description  and 
comparison  of  ocular  melanoms  needs  to  be  under- 
taken. Of  foremost  concern  are:  (1)  the  definition  of 
a  uveal  nevus,  including  a  consideration  of  the 
variations  in  cell  types  of  different  nevi,  (2)  defini- 
tion of  a  uveal  melanoma  (for  example,  as  compared 
with  a  "melanocytic  tumor"),  (3)  adequate  term(s) 
for  the  description  of  lesions  in  the  grey  zone 
between  nevus  and  melanoma  (for  example,  termi- 
nology for  a  pure  spindle  A  "melanoma"),  (4)  strict 
criteria  to  provide  consistency  and  uniformity  in  the 
use  of  the  Callender  classification  and  in  determin- 
ing the  cellular  criteria  necessary  to  constitute 
spindle  A,  B,  mixed  and  epithelioid  cells  (for 
example,  the  number  of  epithelioid  cells  per  unit 
area  to  constitute  a  mixed  cell  lesion),  (5)  criteria  for 
specifying  degree  of  pigmentation,  (6)  criteria  to 
designate  degree  of  inflammation,  (7)  standard 
terminology  to  define  necrosis,  (8)  procedures  for 
obtaining  reproducible  measurements  of  tumor  size 
in  gross  specimens  and  on  histopathologic  sections, 
and  (9)  a  standardized  method  for  preparing  tumor- 
bearing  eyes  for  histologic  examination. 


Diagnosis  and  Histopathology 

The  most  important  need  in  diagnosis  is  the  devel- 
opment of  reliable  standards  for  differentiating  small 
melanomas  from  choroidal  nevi  (nonmalignant). 
The  identification  of  clinical  signs  that  herald  tumor 
growth  would  also  be  of  considerable  value.  Studies 
are  needed  that  correlate  data  from  various  diagnos- 
tic studies  (such  as  ultrasonography,  wide-angle 
fundus  photography,  fluorescein  angiography,  P32, 
and  immunodiagnostic  assays)  with  clinical  course 
and  histopathology.  Moreover,  standard  criteria  for 
the  classification  and  evaluation  of  data  from  diag- 
nostic modalities  need  to  be  developed. 

The  development  of  metastatic  uveal  melanoma 
has  not  been  followed  in  a  uniform  and  longitudinal 
fashion  in  a  large  group  of  patients.  Standards  need 
to  be  established  for  medical  evaluation  of  melano- 
ma patients  at  the  time  they  are  first  seen  in  the 
clinic  and  at  subsequent  follow-up  examinations  for 
the  detection  of  metastatic  disease.  These  standards 


Natural  History 

It  is  important  to  know  how  events  in  the  natural 
history  of  the  tumor  are  reflected  in  the  histopathol- 
ogy and  how  such  findings  correlate  with  prognosis. 
The  data  needed  include:  (1)  an  estimation  of  the 
amount  of  pigmentation  and  number  of  melanocytes 
in  affected  eyes;  (2)  documentation  of  presence  or 
absence  of  preexisting  nevi  or  other  precursor 
lesions;  (3)  specification  of  cell  type  in  small 
melanomas  and  changes  in  cell  type  as  related  to 
size  (that  is,  attempt  to  determine  whether  various 
cell  types  convert  or  are  epithelioid  cell  mutant 
lines);  (4)  correlation  of  the  size,  cell  type,  configu- 
ration of  growth,  tendency  for  blood  vessel  invasion 
and  extrascleral  invasion,  and  perforation  of  Bruch's 
membrane  with  the  clinical  appearance  and  progno- 
sis; (5)  specification  of  the  factors  resulting  in 
development  of  inflammation,  the  type  of  inflamma- 
tion, and  the  relationship  of  inflammation  to  clinical 
course;  and  (6)  determination  of  changes  in  retinal 
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pigment  epithelium,  Bruch's  membrane,  retina,  and 
development  of  neovascularization  as  related  to 
tumor  growth. 

Since  only  limited  data  are  available  concerning 
the  natural  history  of  ocular  melanoma,  particularly 
small  melanomas,  studies  are  also  needed  for  the 
identification  of  clinically  measurable  variables, 
such  as  size,  location,  degree  of  pigmentation, 
transillumination,  the  presence  of  yellow  pigment  or 
drusen,  neovascularization,  collar  button  extension, 
retinal  detachment,  vitreous  or  choroidal  hemor- 
rhage, and  secondary  glaucoma;  these  are  important 
in  determining  the  metastatic  potential  and  progno- 
sis of  uveal  melanomas.  Specifically,  there  is  a  need 
to  (1)  investigate  the  potential  of  melanoma  patients 
to  develop  metastatic  disease  when  the  tumor  is  left 
untreated  for  long  periods  or  when  treated  by 
modes  other  than  enucleation,  and  (2)  identify 
clinical  signs  that  indicate  when  a  small  melanoma  is 
entering  a  rapid  growth  phase  or  has  an  increased 
potential  for  metastasis.  There  is  also  need  to 
determine  the  incidence  of  metastatic  disease  at  the 
time  of  the  initial  diagnosis  of  choroidal  melanoma. 
The  frequency  of  second  neoplasms  at  other  organ 
sites,  including  the  skin,  needs  to  be  established. 

Therapy 

Beginning  in  the  late  nineteenth  century,  enucle- 
ation became  the  standard  and  almost  universally 
accepted  treatment  for  all  eyes  containing  a  choroi- 
dal or  ciliary  body  melanoma  (Figure  5).  Advocated 
as  early  as  1882  by  Fuchs,  this  view  was  preeminent 
until  recently  and  continues  to  have  its  advocates. 56 
However,  concern  about  this  mode  of  therapy  is 
heightened  by  the  differences  in  conclusions  gener- 
ated by  the  analysis  of  Zimmerman  and  cowork- 
ers,1112  which  appear  to  indicate  that  about  two- 
thirds  of  the  fatalities  following  enucleation  could 
be  attributed  to  the  dissemination  of  tumor  emboli  at 
the  time  of  surgery,  and  the  analyses  of  others56-57 
which  appear  to  argue  to  the  contrary.  Thus,  there 
is  a  need  for  rigorous  tests  of  the  efficacy  of  any 
treatments  on  disease  outcome  in  prospective,  ran- 
domized controlled  clinical  trials  which  would 
include:  plans  for  standardization  of  definitions, 
procedures,  and  measurement  techniques  among 
participating  investigators  and  centers;  adequate 
patient  populations;  a  consideration  of  prognostic 
factors  and  other  issues  of  baseline  comparability; 
and  appropriate  plans  for  data  collection,  monitor- 
ing, and  analysis. 

Patients  with  extrascleral  extension  are  generally 
considered  to  have  a  poor  prognosis.  There  is  some 
evidence  that  exenteration  of  the  orbit  may  yield 
good  results,  particularly  when  performed  promptly 
after  recognition  that  there  is  residual  tumor  in  the 


FIGURE   5.   An  eye   removed   at   surgery   which   has  been   cut   open 
revealing  a  melanoma  (m)  beneath  the  retina  (arrow). 

orbit. 58  However,  evaluation  of  the  small  amount  of 
existing  data  on  this  issue  is  difficult,  because  it  is 
often  not  clear  from  the  literature  whether  cases  of 
apparent  extrascleral  extension  truly  have  residual 
tumor  in  the  orbit,  or  if  the  tumor  only  extended 
close  to  the  line  of  transsection.  There  is  an  urgent 
need  to  determine  whether  adjuvant  chemotherapy, 
radiation  therapy,  or  immunotherapy  will  improve 
the  prognosis  in  these  cases. 

Cell  Biology 

Basic  research  is  essential  to  the  development  of 
improved  therapy  for  patients  with  choroidal  mela- 
noma. There  is  a  pressing  need  for  an  established 
human  choroidal  melanoma  cell  line  for  use  in 
biochemical,  immunologic,  and  chemotherapeutic 
investigations.  Ultrastructural  studies  of  human 
choroidal  melanoma  should  be  continued  to  search 
for  evidence  of  a  viral  etiology,  develop  ultrastruc- 
tural criteria  useful  in  the  cytologic  classification, 
and  characterize  the  local  immune  response  to  this 
tumor. 

The  development  of  animal  models  of  choroidal 
melanoma  is  of  high  priority.  This  objective  should 
be  pursued  through  multiple  approaches:  (1)  hetero- 
transplantation of  human  choroidal  melanoma  into 
the  immune  deficient  nude  mouse  for  use  in  immu- 
nologic and  chemotherapeutic  studies,  (2)  induction 
of  choroidal  melanoma  and  other  intraocular  tumors 
using  oncogenic  viruses,  and  (3)  induction  of  mela- 
noma and  other  intraocular  tumors  using  chemical 
carcinogens.  Once  these  models  are  established, 
attempts  should  be  made  to  characterize  the  natural 
history,  metastatic  potential,  and  immunology  of 
these   tumors.    Such   experimental    tumor   systems 
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have  considerable  value  in  the  evaluation  of  thera- 
peutic approaches,  including  different  techniques  of 
enucleation  and  immunotherapy  or  chemotherapy. 
Attempts  should  be  made  to  characterize  tumor- 
specific  immune  competence  in  patients  treated  by 
various  means  at  different  stages  in  the  natural 
history  of  the  tumor.  Studies  of  the  immunopatholo- 
gy  of  choroidal  melanoma  are  of  considerable 
importance,  that  is,  ultrastructural  and  immunologic 
characterization  of  immune  cells  infiltrating  the 
tumor.  Investigation  into  the  presence  of  estrogen 
receptors  and  receptors  for  retinoic  acid  and  related 
compounds  should  be  undertaken. 

Retinoblastoma 

It  is  necessary  to  improve  the  ability  to  distinguish 
between  the  sporadic  and  hereditary  retinoblasto- 
mas and  to  be  able  to  predict  which  family 
members,  especially  siblings  and  offsprings,  are  at 
risk  of  tumor  development.  Clinical  and  histopatho- 
logical  evidence  suggest  that  the  sporadic  type  is 
usually  a  large  single  tumor  occurring  later  in  the 
child's  development,  whereas  the  hereditary  type 
tends  to  be  small,  multifocal,  and  develop  earlier.  It 
would  be  useful  to  ascertain  through  morphologic 
studies  if  light  microscopic  or  ultrastructural 
changes  can  be  correlated  with  the  occurrence  of 
metastases  and  recurrence  of  the  tumor.  In  addition, 
it  is  important  to  be  able  to  distinguish  second 
primary  tumors  from  metastases. 

Ways  of  diagnosing  retinoblastoma  earlier  should 
be  sought.  This  will  require  a  more  complete 
understanding  of  the  immunology  of  the  tumor  and 
the  immunologic  clues  that  can  be  used  for  diagno- 
sis. It  will  also  require  an  ability  to  identify  enzyme 
or  chemical  changes  in  the  patient's  blood  and 
aqueous  humor,  which  would  be  helpful  for  diagno- 
sis. 

Better  methods  of  treating  this  tumor  are  needed. 
The  finding  of  vitamin  A  receptors  in  retinoblasto- 
ma and  the  in  vitro  demonstration  that  vitamin  A 
can  cause  tumor  cell  death  should  be  explored 
further  with  regard  to  treatment  possibilities.  In 
addition,  conventional  therapy,  including  chemo- 
therapy and  radiotherapy,  should  be  evaluated  more 
systematically,  so  that  statistically  meaningful  data 
can  be  obtained  and  compared  with  the  results 
obtained  by  enucleation  (Figure  6).  The  fact  that  the 
mortality  of  patients  with  bilateral  disease  is  not 
significantly  different  from  those  with  unilateral 
disease  suggests  that  treatment  other  than  enucle- 
ation, as  is  often  employed  in  the  second  eye  of 
bilateral  retinoblastoma  patients,  may  give  equiva- 
lent results. 

An  epidemiologic  survey  is  needed  to  determine 
the  worldwide  incidence  of  retinoblastoma  and  the 


FIGURE  6.  The  appearance  of  a  small  retinoblastoma  (R)  at  a  stage  in 
which  it  can  be  treated  without  removing  the  eye. 


role  of  genetic,  racial,  or  environmental  factors  in  its 
etiology.  There  is  the  need  for  further  investigation 
of  the  cause  of  retinoblastoma.  Knudson's  "two  hit" 
theory,  the  classical  autosomal  dominant  with  vari- 
able penetrance  theory,  and  even  the  more  recent 
"three  hit"  theory  must  be  measured  against  actual 
clinical  observations  to  determine  which  of  these  is 
correct. 

The  patients  with  13q-chromosome  need  to  be 
more  fully  examined,  for  they  may  hold  the  key  to 
understanding  what  role  the  genetic  information  in 
the  deleted  portion  of  this  chromosome  plays  in 
causing  tumor  formation.  With  available  techniques, 
it  may  be  possible  to  isolate  this  chromosomal 
segment  and  determine  its  biochemical  function. 
This  is  a  unique  opportunity  that  must  be  pursued. 

In  addition,  further  studies  are  needed  to  deter- 
mine the  role  of  viruses  in  retinoblastoma.  Molecu- 
lar, biophysical,  and  immunologic  studies  are 
needed  to  look  for  viral  "footprints"  and,  possibly, 
the  virus  itself  or  viral  fragments.  Animal  models 
will  be  useful  in  determining  the  role  of  virus  in 
retinoblastoma. 

To  increase  understanding  of  the  pathogenesis  of 
retinoblastoma,  further  ultrastructural  and  bio- 
chemical studies  should  be  conducted  to  identify  the 
cell  or  cells  of  origin.  Some  evidence  to  date  points 
to  the  photoreceptor  cell,  other  evidence  to  the 
amacrine  cell.  Both  may  be  precursor  cells,  or  a 
common  precursor  retinoblast  may  exist.  Moreover, 
there  is  recent  evidence  that  at  least  some  tumors 
may  have  a  glial  origin. 59 

Knowledge  of  the  basis  for  spontaneous  regres- 
sion of  retinoblastoma,  which  has  been  estimated  to 
occur  in  one  percent  of  cases,  could  be  exploited  for 
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clinical  purposes.  Initial  ultrastructural  studies  sug- 
gest that  endothelial  proliferation,  inflammatory  cell 
interaction,  and  circulating  antibodies  that  may  be 
related  to  the  basophilia  in  the  vessel  walls  may  all 
be  important.  Definitive  information  about  the  role 
of  each  of  these  factors  is  needed.  In  addition, 
conflicting  findings  concerning  the  presence  or 
absence  of  tumor  angiogenesis  factor  in  retinoblasto- 
ma have  been  reported,  and  this  question  needs  to 
be  resolved. 

Better  data  on  tumor  patients,  that  is,  accurate 
case  histories  and  well-preserved  tumor  material 
from  enucleated  eyes  are  required  for  the  necessary 
investigations.  This  requires  cooperation  among 
clinicians  and  between  clinicians  and  basic  scientists. 
Further  requirements  include:  (1)  establishment  of 
additional  tumor  cell  lines,  (2)  identification  of 
spontaneously  occurring  animal  tumors,  and  (3) 
further  development  of  induced  animal  tumors  and 
information  about  the  similarities  and  differences 
between  these  and  the  human  tumors. 

The  investigations  proposed  above  would  require 
the  following  types  of  investigators:  ocular  oncolo- 
gists, morphologists  with  expertise  in  tumors  or  in 
retina,  geneticists,  molecular  biologists  or  tumor 
virologists,  veterinary  ophthalmologists  and  pa- 
thologists, radiobiologists  with  both  clinical  and 
basic  research  expertise,  epidemiologists  and  biome- 
tricians,  and  biochemists  with  a  knowledge  of  and 
interest  in  the  retina. 


RECOMMENDATIONS 


Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Tumors,"  the  Panel  has  made 
the  following  recommendations  concerning  re- 
search in  this  subprogram  over  the  next  five  years. 
These  have  been  grouped  under  two  headings: 
Program  Base  and  Program  Development  Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 


where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research    grants   in    these   areas   are   forthcoming. 

Program  Base 
Ocular  Melanoma 

■  Continue  basic  and  clinical  research  aimed  at 
better  understanding  the  pathogenesis  of  ocular 
tumors  and  improved  methods  of  diagnosis  and 
treatment. 

■  Establish  continuous  cell  lines  of  human  choroi- 
dal melanoma  cells  in  tissue  culture  and  make 
available  material  from  human  ocular  tumors  for 
studying  causative  factors  and  the  efficacy  of 
certain  treatments. 

Retinoblastoma 

■  Conduct  morphologic  and  biochemical  studies  of 
retinoblastoma  to  determine  its  cellular  origin. 

■  Establish  cell  lines  for  basic  studies  on  the 
pathogenesis   and   treatment   of  retinoblastoma. 

Program  Development  Priorities 
Ocular  Melanoma 

■  Establish  prospective,  randomized  controlled 
clinical  trials  of  new  treatments  for  patients  with 
ocular  melanomas. 

■  Characterize  the  nature  of  tumor-specific  immune 
competence  in  treated   and   untreated   patients. 

■  Develop  animal  models  of  ocular  melanoma  for 
use  in  immunologic,  biochemical,  and  therapeutic 
studies. 

Retinoblastoma 

■  Study  genetic  factors  involved  in  the  develop- 
ment of  retinoblastoma. 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 

TUMORS 


No.  of  Grants 
FY  1981 


Panel  Recommendation  FY  83 


Add.  Grants 


Total  Grants 


Program  Base 

Melanoma 

A.  Continue  basic  and  clinical  research  on  the 
pathogenesis,  diagnosis,  and  treatment  of  ocular 
tumors. 

B.  Establish  continuous  cell  lines  of  human  choroidal 
melanoma  cells  in  tissue  culture  and  study  human 
ocular  tumors  for  causative  factors  and  treatment 
modalities. 

Retinoblastoma 

A.  Conduct  morphologic  and  biochemical  studies  of 
retinoblastoma  to  determine  its  cellular  origin. 

B.  Establish  cell  lines  for  basic  studies  on  the 
pathogenesis  and  treatment  of  retinoblastoma. 

Program  Development  Priorities 

Melanoma 

A.  Establish  prospective,  randomized,  controlled  clinical 
trials  of  new  treatments  for  patients  with  ocular 
melanomas. 

B.  Characterize  the  nature  of  tumor-specific  immune 
competence  in  treated  and  untreated  patients. 

C.  Develop  animal  models  of  ocular  melanoma  for  use  in 
immunologic,  biochemical,  and  therapeutic  studies. 

Retinoblastoma 

A.  Study  genetic  factors  involved  in  the  development  of 
retinoblastoma. 

Subtotal  Grants 
(%  of  Program) 

Total  Estimated  Cost 


11 


0 
1 


18 

(5) 

$1,887,000 


-6 


10* 

1 
1 


11 

(10) 

$1,158,000 


10 

3 
3 


29 

(6) 

$3,045,000 


•Includes  one  multicenter,  randomized  controlled  clinical  trial  of 
selected  therapies. 
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DEVELOPMEN 
TAL  AND 
HEREDITARY 
DISORDERS 

INTRODUCTION 


DEVELOPMENTAL  AND  HEREDITARY  disor- 
ders of  the  retina  and  choroid  afflict  newborn  and 
young  children  and  instill  fear  in  many  prospective 
parents,  especially  those  with  known  family  histor- 
ies of  these  diseases.  For  families  with  affected 
offspring,  there  is  the  immediate  emotional  impact 
of  learning  that  they  have  an  affected  child  and  the 
long-range  effect  on  these  families  and  society  as 
they  try  to  help  blind  or  partially  sighted  children 
grow  up  in  the  world  of  the  sighted. 

Young  adults  are  equally  disheartened  when  they 
discover  that  they  have  a  degenerative  retinal 
disorder,  which  was  probably  present  from  birth 
and  will  eventually  lead  to  a  total  loss  of  vision.  In 
retinitis  pigmentosa,  one  of  the  more  common 
hereditary  retinal  degenerations,  a  ring-like  area  of 
blindness  slowly  encroaches  on  the  central  island  of 
vision.  Patients  with  this  disease  often  carry  the 
burden  of  uncertainty  as  to  how  long  they  will 
retain  their  remaining  central  vision.  Some  of  these 
patients  have  excellent  central  vision  but  are  severe- 
ly handicapped  by  loss  of  side  vision  and  resulting 
impaired  mobility.  An  estimated  3  to  5  percent  of 
patients  with  retinitis  pigmentosa  are  born  pro- 
foundly deaf  and  usually  discover  in  young  adult- 
hood that  they  also  face  inevitable  loss  of  vision. 

Some  developmental  and  hereditary  disorders  of 
the  retina  and  choroid  have  been  named  on  the  basis 
of  their  appearance  as  viewed  with  an  ophthalmo- 


scope; for  example,  in  retinitis  pigmentosa,  irregular 
deposits  of  pigment  can  be  seen  around  the  midpe- 
ripheral  retina  as  the  retina  deteriorates.  In  addition, 
the  diseases  are  classified,  according  to  the  mode  of 
inheritance,  into  autosomal  dominant,  autosomal 
recessive,  and  X-chromosome-linked  types.  Some 
conditions  with  minimal,  if  any,  changes  visible  with 
the  ophthalmoscope  are  named  on  the  basis  of  the 
degree  and  type  of  visual  impairment.  Thus,  rod- 
mediated  function  is  profoundly  affected  and  cone- 
mediated  function  is  relatively  intact  in  many 
stationary  (nonprogressive)  forms  of  night  blindness, 
whereas  loss  of  cone  function  with  intact  rod 
function  exists  in  congenital  achromatopsia.  Degen- 
erative changes  can  selectively  affect  patches  of 
peripheral  retina,  as  in  sector  retinitis  pigmentosa,  or 
they  can  lead  to  loss  of  cone  and  rod  function  in  the 
central  retina  as  in  juvenile  hereditary  macular 
degeneration. 

These  diseases  can  be  considered  also  in  terms  of 
whether  they  appear  to  involve  the  outer  layers  of 
the  retina  and/or  choroid,  as  occurs  in  retinitis 
pigmentosa,  gyrate  atrophy  of  the  choroid  and 
retina,  choroideremia,  and  congenital  amaurosis  of 
Leber;  or  involve  the  inner  layers  of  the  retina,  as 
occurs  in  some  forms  of  stationary  night  blindness 
and  in  juvenile  sex-linked  retinoschisis.  In  a  devel- 
opmental disorder,  called  retinal  dysplasia,  affected 
infants  have  maldevelopment  of  the  retina;  retinal 
dysplasia  can  be  accompanied  by  maldevelopment 
of  the  eye  and  chromosomal  aberrations.  Some 
diseases  are  named  after  the  physicians  who  first 
recognized  the  association  of  a  retinal  degeneration 
with  other  findings,  as,  for  example,  Usher's  syn- 
drome, in  which  Usher  noted  the  association  of 
retinitis  pigmentosa  with  profound  deafness  and  a 
disorder  of  balance.  More  information  is  needed  on 
the  cellular  localization  of  the  primary  defects  as 
well  as  the  underlying  biochemical  abnormalities 
before  these  diseases  can  be  reclassified  in  terms  of 
etiology. 

The  National  Society  to  Prevent  Blindness  esti- 
mates that  some  1,450  new  cases  of  legal  blindness 
due  to  retinitis  pigmentosa  were  reported  in  the 
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United  States  in  1978. '  An  estimated  50,000  to 
100,000  people  are  afflicted  in  this  country  alone. 2 
Approximately  1  in  50  people  in  this  country  carry 
the  gene(s)  for  these  disorders  even  though  they 
enjoy  normal  vision. 3  If  two  carriers  with  the  same 
gene  for  autosomal  recessive  retinitis  pigmentosa 
marry,  they  have  a  1  in  4  chance  with  each 
childbirth  of  having  an  affected  child.  All  social, 
ethnic,  and  racial  groups  are  affected,  and  more 
than  50  percent  of  the  patients  with  these  conditions 
report  a  negative  family  history.  The  cost  of  these 
disorders  to  society  is  staggering,  particularly  in 
view  of  the  fact  that  no  effective  therapy  is 
available  for  practically  all  types  and  that  some 
patients  may  become  legally  blind  by  age  40  or  even 
earlier. ' 

The  state  of  knowledge  in  this  field  has  increased 
substantially  in  the  past  5  to  10  years.  First,  much 
more  is  known  about  the  ultrastructure,  function, 
and  biochemistry  of  the  normal  retina  and  pigment 
epithelium,  and  this  knowledge  has  been  applied 
with  remarkable  success  to  an  understanding  of 
disease  processes.  Second,  patients  with  heredode- 
generative  retinal  diseases  are  being  studied  with 
sophisticated  noninvasive  techniques,  which  pro- 
vide new  insights  into  the  sites  of  abnormal  func- 
tion. Third,  educational  programs  have  resulted  in  a 
marked  increase  in  the  availability  of  postmortem 
donor  eyes,  and  biochemical  studies  of  blood,  urine, 
and  cultured  skin  fibroblasts  have  led  to  new 
information  on  the  causes  of  some  of  these  condi- 
tions and  in  some  instances  to  treatment  trials. 
Fourth,  in  animals  with  hereditary  retinal  diseases, 
delineation  of  specific  biochemical  defects  in  the 
photoreceptors  or  defects  in  the  relationships  of  one 
cell  to  another  have  provided  a  basis  for  suggesting 
similar  pathogenetic  mechanisms  in  human  disease. 

Whether  the  disease  process  in  any  of  the  availa- 
ble animal  models  has  the  same  cytogenetic  basis  as 
that  encountered  in  the  human  disease  is  as  yet 
unknown.  One  difficulty  in  establishing  this  relation- 
ship is  the  fact  that  specific  biochemical  defects 
have  not  been  identified  in  the  great  majority  of 
patients  with  these  diseases.  Moreover,  because  of 
the  close  functional  relationship  between  adjacent 
cells  in  the  retina,  it  is  frequently  difficult  to  identify 
the  cell  in  which  the  mutant  gene  is  expressed. 

The  genetic  factors  also  have  been  difficult  to 
unravel.  The  precise  loci  on  the  chromosomes  that 
lead  to  retinal  diseases  have  not  been  established,  so 
that  the  chromosomal  segments  that  are  abnormal 
are  not  yet  available  for  study.  Prenatal  tests  or 
methods  to  detect  carriers  of  these  conditions  are 
not  available  for  most  of  these  diseases;  therefore, 
genetic  counseling  can  be  given  to  families  only 
after  they  have  had  an  affected  child.  Although  the 
long-term  course  of  progressive  forms  of  hereditary 
disorders  of  the  retina  and  choroid  are  known  (that 
is,  the  eventual  visual  outcome  can  be  predicted  to 


within  a  decade),  the  short-term  natural  histories  of 
these  conditions  over  1  to  5  years  remain  to  be 
documented.  However,  some  of  these  conditions 
may  appear  to  be  relatively  stable  for  5  to  10  years 
on  routine  ocular  examination.  More  information  on 
short-term  natural  histories  is  needed  to  determine 
whether  future  trials  of  treatment  aimed  at  stabiliz- 
ing these  conditions  can  be  evaluated  over  the  short 
term. 

Research  on  developmental  and  hereditary  disor- 
ders of  the  retina  and  choroid  is  closely  allied  to 
research  within  other  subprograms  of  the  NEI 
Retinal  and  Choroidal  Diseases  program.  Studies  of 
the  cell  biology  of  photoreceptors  and  retinal 
pigment  epithelium,  the  interaction  of  cells  within 
the  retina,  and  mechanisms  of  visual  adaptation  are 
particularly  relevant. 

Inherited  degenerations  of  the  retina  and  choroid 
are  often  associated  with  myopia  or  astigmatism, 
and  therefore,  research  on  these  diseases  may  be 
relevant  to  the  broader  questions  of  what  factors 
control  the  expression  of  myopia  and  astigmatism. 

The  effects  of  drugs  and  other  agents  on  the 
retina  and  choroid,  which  may  produce  degenera- 
tion or  modify  function,  are  directly  related  to  this 
research  area.  Research  on  the  effects  of  nutrition 
on  the  eye  is  also  relevant,  as  it  is  well  known  that 
specific  nutritional  deficiencies  can  lead  to  retinal 
degenerations.  Degenerative  diseases  may  possibly 
represent  premature  aging  of  the  retina,  and  there- 
fore, they  may  serve  as  models  of  the  biology  of 
aging  in  the  retina  as  well  as  the  brain.  Because  the 
retina  is  developmentally  an  extension  of  the  brain, 
research  on  retinal  degenerations  may  prove  rele- 
vant to  understanding  diseases  that  affect  other  parts 
of  the  nervous  system. 


SUBPROGRAM 
OBJECTIVES 


To  discover  the  specific  causes  of  retinal  degen- 
erations in  humans  and  in  appropriate  animal 
models. 

To  develop  the  techniques  needed  to  identify 
affected  patients  and  seek  techniques  for  prenatal 
diagnosis. 

To  define  the  natural  histories  of  these  diseases. 

To  conduct  therapeutic  trials  where  appropriate. 
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OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

The  National  Eye  Institute  supported  42  grants  in 
FY  1981,  at  a  total  cost  of  $3.8  million,  for  research 
on  Developmental  and  Hereditary  Disorders  of  the 
retina  and  choroid.  This  support  has  permitted 
electrophysiological  and  psychophysical  testing  and 
fundus  reflectometry  measurements  on  patients  with 
retinal  degenerations  and  correlation  of  results  of 
these  tests  with  ultrastructural  and  biochemical 
studies  on  postmortem  donor  eyes  from  patients 
with  these  diseases.  Grant  support  has  also  been 
used  to  study  normal  and  postmortem  human  donor 
retinas  and/or  pigment  epithelium  using  ultrastruc- 
tural,  biochemical,   and   tissue  culture  techniques. 

Basic  research  on  the  aging  mammalian  retina  and 
pigment  epithelium  and  on  the  developing  visual 
system  also  has  been  in  progress.  Animal  models  of 
hereditary  retinal  degeneration  including  those  in 
mice,4-5  Royal  College  of  Surgeons  (RCS)6  and 
Wag-Rij  7  rats,  Irish  setters, 8  English  setters, 9i  10 
miniature  French  poodles,  n  Alaskan  malamutes, 12 
chickens, 13  collies, 14  baboons, 15  and  monkeys  16  are 
under  study.  Research  support  also  has  been  direct- 
ed toward  the  biochemical  delineation  of  defects  in 
human  hereditary  retinal  diseases  such  as  gyrate 
atrophy  of  the  choroid  and  retina.  A  treatment  trial 
for  patients  with  gyrate  atrophy  with  vitamin  B6 
and/or  a  low-protein,  low-arginine  diet  has  been 
initiated  in  several  research  centers.  Research  is 
continuing  also  on  the  pathogenesis  of  neuronal 
ceroid  lipofuscinosis  (Batten-Mayou  disease)  and 
other  hereditary  diseases  with  both  systemic  and 
ocular  manifestations  such  as  the  sphingolipidoses, 
the  mucopolysaccharidoses,  and  Refsum's  disease. 

Support  by  the  National  Eye  Institute  has  re- 
mained the  major  resource  for  these  endeavors,  but 
additional  support  also  has  been  provided  by  the 
Veterans  Administration  and  private  foundations, 
notably  Fight  for  Sight,  Inc.,  National  Retinitis 
Pigmentosa  Foundation,  National  Society  to  Pre- 
vent Blindness,  Inc.,  Research  to  Prevent  Blindness, 
Inc.,  and  March  of  Dimes. 


RECENT 
ACCOMPLISHMENTS 


Early  Diagnosis 

The  electroretinogram  (ERG)  has  provided  physio- 
logical criteria  for  establishing  the  diagnosis  of 
retinitis  pigmentosa  in  early  life,  even  at  a  time 
when  fundus  abnormalities  visible  with  the  ophthal- 
moscope are  minimal  or  absent.  2-17_2°  Patients  with 


widespread  progressive  forms  of  retinitis  pigmen- 
tosa have  shown  not  only  reduced  amplitudes,  but 
also  delays  in  the  cone  and/or  rod  b-wave  implicit 
times  (that  is,  the  time  interval  between  stimulus 
onset  and  the  major  cornea  positive  peak  of  the 
cone  or  rod  response);  in  contrast,  patients  with  self- 
limited  sector  retinitis  pigmentosa  or  stationary 
forms  of  night  blindness  have  had  reduced  ERG 
amplitudes  with  normal  b-wave  implicit  times. 2  In 
families  with  retinitis  pigmentosa,  ERGs  have  been 
used  to  identify  which  members  are  affected  and 
which  are  normal.  Family  members  age  6  and  over, 
with  normal  cone  and  rod  amplitudes  and  normal 
cone  and  rod  b-wave  implicit  times,  have  not  later 
developed  retinitis  pigmentosa. 

Early  diagnosis  has  been  helpful  in  establishing 
hereditary  patterns  in  some  families  and  identifying 
families  at  high  risk  for  having  more  affected 
children.  Moreover,  early  diagnosis  has  proved  to 
be  important  in  at  least  one  hereditary  disease 
associated  with  retinitis  pigmentosa,  hereditary  a- 
beta-lipoproteinemia.  A  patient  with  this  rare  dis- 
ease detected  early  in  life  had  his  ERG  changed  to 
normal  with  large  doses  of  vitamin  A,  while  a 
patient  with  a  more  advanced  stage  of  this  disease 
did  not  respond. 21  Knowledge  of  long-term  visual 
prognoses  also  has  been  useful  for  patients  and 
families  seeking  vocational  counseling. 

Detection  of  Carriers  and  Prenatal  Diagnoses 

About  one-third  of  the  outpatient  population  with 
retinitis  pigmentosa  are  males,  who  have  no  affected 
female  relatives.  It  is  important  to  know  whether 
they  have  autosomal  recessive  or  X-chromosome- 
linked  disease,  for  patients  with  autosomal  recessive 
disease  characteristically  retain  vision  until  age  45  to 
60,  while  those  with  X-chromosome-linked  disease 
usually  are  virtually  blind  by  age  30  to  40.  If  the 
mother  or  daughter  of  an  affected  male  shows  a 
patch  of  bone  spicule  pigment  in  the  periphery  or  a 
tapetal-like  reflex  in  the  macula,  she  can  be  consid- 
ered an  obligate  carrier,  and  the  affected  males  in 
her  family  can  be  typed  as  X-chromosome-linked. 
However,  many  obligate  carriers  of  X-chromosome- 
linked  disease,  identified  through  pedigree  studies, 
have  shown  no  visible  fundus  abnormalities. 

Within  the  past  five  years,  studies  of  females  in 
families  with  known  X-chromosome-linked  disease 
have  shown  that  the  obligate  carriers  could  almost 
always  be  detected  on  the  basis  of  an  abnormal  full- 
field  ERG.  In  96  percent  of  the  obligate  carriers 
tested,  the  ERG  amplitudes  were  reduced  with 
normal  or  delayed  cone  ERG  implicit  times  in  one 
or  both  eyes  (Figure  1A).  Only  one-half  of  these 
patients  had  an  abnormal  fundus  appearance. 
Daughters  of  obligate  carriers  had  either  normal 
ERGs,    or   abnormal    ERGs   similar   to   those   of 
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obligate  carriers  (Figure  IB).  In  contrast,  carriers  of 
autosomal  recessive  disease  had  a  normal  fundus 
appearance  and  normal  full-field  ERGs. 22  In  addi- 
tion to  the  ERG  studies,  some  carriers  have  been 
detected  with  early  receptor  potential  testing,23 
fundus  reflectometry, 24  or  vitreous  fluorophotome- 
try. 25 

Once  the  mode  of  transmission  has  been  estab- 
lished as  X-chromosome-linked  by  detection  of 
carrier  females,  ERG  screening  can  be  extended  to 
their  sisters  and  offspring,  and  genetic  counseling 
can  be  provided.  Females  identified  as  carriers  of  X- 
chromosome-linked  retinitis  pigmentosa  could  be 
told  that  they  have  a  50  percent  chance  with  each 
male  childbirth  of  having  an  affected  son  and  a  50 


percent  chance  with  each  female  childbirth  of 
having  a  carrier  daughter.  Their  affected  male 
relatives  would  know  that  they  have  a  poor  long- 
term  visual  prognosis,  and  that  all  their  sons  would 
be  normal  and  all  their  daughters  would  be  carriers. 
Detection  and  effective  genetic  counseling  of  both 
carrier  females  and  affected  males  in  families  with 
X-chromosome-linked  disease  could  potentially 
reduce  the  incidence  of  retinitis  pigmentosa  in  the 
United  States  by  6  to  10  percent.  26 

Another  carrier  state  that  can  be  detected  on  the 
basis  of  recent  research  is  the  carrier  of  gyrate 
atrophy  of  the  choroid  and  retina.  Carriers  of  this 
autosomal  recessive  disorder  have  a  partial  reduc- 
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FIGURES  1A  and  B.  ERG  responses  from  a  normal  subject  and  four 
obligate  female  carriers  of  X-chromosome-linked  (sex-linked)  retinitis 
pigmentosa  (A)  and  from  a  normal  subject  and  three  daughters  of  obligate 
carriers  of  X-chromosome-linked  retinitis  pigmentosa  (B).  Pt  (patient)  15, 
age  39;  Pt  8,  age  41;  Pt  4,  age  51;  Pt  20,  age  70;  Pt  3,  age  23;  Pt  2,  age  21; 
Pt  7,  age  20.  Pt  2  had  bone  spicule  pigmentation  only  in  OS.  Pt  3  and  Pt  7 
had  normal  fundus  examinations.  For  both  A  and  B,  rod  isolated  responses 
to  blue  light  are  illustrated  in  column  1,  combined  cone  and  rod  responses 
to  white  light  under  dark-adapted  conditions  are  illustrated  in  column  2, 
and  cone  isolated  responses  to  30  cycles  per  second  (cps)  white  flickering 
light  are  illustrated  in  column  3  for  the  normals  and  for  those  patients  with 
detectable  responses.  Stimulus  onset  is  designated  by  the  vertical  hatched 
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lines  in  columns  1  and  2;  the  vertical  lines  and  the  arrows  in  column  3 
designate  cone  b-wave  implicit  times.  Obligate  female  carriers  (A)  showed 
reduced  amplitudes  to  blue  light  (i.e.,  <  125  u,V)  and/or  white  light  (i.e., 
<  350  fxV)  under  dark-adapted  conditions  with  or  without  delays  in  cone 
b-wave  implicit  times  (normal  range  2532  msec)  to  30  cps  white  flicker  in 
one  or  both  eyes.  Daughters  of  obligate  carriers  had  either  normal 
responses  (for  example,  Pt  3)  or  abnormal  responses  (for  example,  Pt  2  and 
Pt  7)  similar  to  those  of  obligate  carriers.  (From  Berson  EL,  Rosen  JB,  and 
Simonoff  EA.  Am  J  Ophthalmol  87:460,  1979.  Published  with  permission 
from  the  American  Journal  of  Ophthalmology.  Copyright  by  the  Ophthal- 
mic Publishing  Company.) 
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tion  of  ornithine  ketoacid-transaminase  in  cultured 
skin  fibroblasts  or  lymphocytes.27-29  Prenatal  diag- 
nosis also  may  be  possible,  for  this  enzyme  is 
normally  present  in  cultured  cells  from  the  amniotic 
fluid. 

Biochemical  abnormalities  have  been  defined  in 
many  inherited  metabolic  diseases  associated  with 
abnormal  storage  of  lipid  and  grouped  under  the 
general  heading  of  familial  sphingolipidoses;  dis- 
eases that  involve  the  eye  as  well  as  other  organs 
include  Tay-Sachs  disease,  generalized  GM  '  gangli- 
osidosis, Niemann-Pick  disease,  and  Fabry's  disease. 
A  cherry-red  spot  in  the  macula  due  to  infiltration 
of  lipid  into  parafoveal  ganglion  cells  is  the  most 
striking  fundus  lesion  often  seen  in  the  first  three 
conditions,  whereas  tortuosity  of  retinal  vessels  has 
been  reported  in  the  fourth.  The  defective  enzymes 
in  these  diseases  are,  respectively,  hexoseaminidase 
A,  beta-galactosidase,  sphingomyelinase,  and  cera- 
mide  trihexoxide-alpha-galactosidase.  All  four  of 
these  fatal  hereditary  conditions  can  now  be  detect- 
ed prenatally. 30 

Therapeutic  Trials 

Patients  with  gyrate  atrophy  of  the  choroid  and 
retina  have  myopia,  constricted  visual  fields,  elevat- 
ed dark-adaptation  thresholds,  small  or  nondetect- 
able  electroretinograms  and  chorioretinal  atrophy 
distributed  around  the  peripheral  fundus  and  some- 
times near  the  optic  disc  (Figure  2).  Initially,  the 
patients  can  be  asymptomatic;  the  diagnosis  may  be 
made  at  the  time  of  a  routine  check  for  eyeglasses. 
Patients  develop  cataracts  and  usually  become 
virtually  blind  between  ages  40  to  55  due  to 
extensive  chorioretinal  atrophy.  Although  this  con- 
dition was  first  described  in  1896, 31  little  was  known 
until  recently  about  the  underlying  biochemical 
abnormalities  or  possible  avenues  for  therapy. 

The  rapid  recent  progress  made  in  understanding 
gyrate  atrophy  has  been  based  on  a  logical  sequence 
of  investigation  starting  first  with  the  detection  of 
elevated  ornithine  in  the  blood  of  patients  with  this 
disease 32  and  then  proceeding  to  delineation  of  an 
enzyme  defect,  namely  a  deficiency  of  ornithine 
ketoacid-transaminase,  in  cultured  skin  fibroblasts  or 
lymphocytes. 27_29,33_35  Vitamin  B6,  a  cofactor  for 
ornithine  ketoacid-transaminase,  was  shown  to  in- 
crease the  activity  of  this  enzyme  in  cultured 
fibroblasts  from  a  patient, 29  and  in  vivo  administra- 
tion of  this  vitamin  lowered  plasma  ornithine  by  50 
percent.34-36  However,  heterogeneity  was  found  to 
exist,  for  some  patients  did  not  respond  to  vitamin 

g6    34,36,37 

Knowledge  that  arginine  is  a  precursor  of  ornith- 
ine has  led  to  the  idea  that  a  low  arginine  diet  could 
effectively  lower  plasma  ornithine  levels. 38  Labora- 
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FIGURE  2.  Wide-angle  fundus  photographs  of  three  patients  identified  as 
A,  B,  and  C  with  gyrate  atrophy  of  the  choroid  and  retina.  Pt.  A,  age  14, 
OS,  VA=  20/25;  Pt.  B,  age  10,  OS,  VA=  20/30;  Pt.  C,  age  20,  OS,  VA  = 
20/100.  Patient  A  has  the  pyridoxine  (vitamin  Be)  responsive  variant  of 
gyrate  atrophy  and  Pts.  B  and  C  the  pyridoxine  nonresponsive  variant. 
(From  Berson  EL,  Schmidt  SY,  and  Shih  VE.  Ophthalmology  85:1018, 
1978). 


tory  animal  studies  showed  that  high  doses  of 
ornithine  injected  into  the  vitreous  humor  are  toxic 
to  the  pigment  epithelium, 39  and  supported  the 
hypothesis  that  if  ornithine  levels  could  be  lowered 
substantially,  the  retinal  degeneration  associated 
with  gyrate  atrophy  would  also  be  modified. 

All  patients  so  far  studied  have  shown  a  decline  in 
plasma  ornithine  levels  of  50  percent  or  more  when 
placed  on  a  low  protein  (15  mg.  per  day),  low 
arginine  diet  or  vitamin  B 6. 34,36-38,40-43  Qne  patient 
on  this  diet,  who  could  tolerate  the  extreme  protein 
restriction  and  whose  plasma  ornithine  level  was 
lowered  to  near-normal  levels,4142  showed  an  im- 
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provement  in  amplitude  of  the  electroretinogram, 
dark-adaptation  thresholds,  and  color  vision  after 
one  and  one-half  years.  Another  case  with  improve- 
ment in  visual  acuity  has  been  reported. 43  However, 
visual  function  in  the  majority  of  patients  has  not 
improved  despite  lowered  plasma  ornithine,  and  it 
still  remains  to  be  established  whether  any  degree  of 
biochemical  responsiveness  to  this  diet,  vitamin  B 6, 
or  both,  alters  the  long-term  course  of  this  condi- 
tion. Some  patients  in  these  therapeutic  trials  have 
remained  stable  after  one  year, 40  but  considering  the 
natural  history  of  the  ocular  disease34-44  about  two 
years  will  be  required  to  show  whether  stabilization 
has  occurred  in  young  patients. 

The  retinal  degeneration  observed  in  Refsum's 
disease 45  also  may  be  amenable  to  treatment. 46 
Patients  with  this  autosomal  recessively  inherited 
disorder  characteristically  have  ataxia,  elevated 
serum  phytanic  acid  (a  long-chain  fatty  acid), 47  and 
elevated  cerebrospinal  fluid  protein  with  a  normal 
cell  count.  Ocular  findings  include  an  atypical 
retinitis  pigmentosa-like  appearance  of  the  peripher- 
al fundus  and  reduced  or  nondetectable  electroreti- 
nograms. 

Some  patients  may  have  loss  of  the  sense  of  smell, 
deafness,  pupillary  abnormalities,  lens  opacities, 
electrocardiographic  malfunction,  skeletal  abnor- 
malities, and  unusual  dryness  of  the  skin.  Diagnosis 
depends  ultimately  on  the  demonstration  of  an 
elevated  level  of  phytanic  acid  in  the  serum. 
Affected  patients  have  a  defect  in  alpha-hydroxyla- 
tion  of  phytanic  acid,  and  this  enzyme  deficiency 
can  be  detected  in  extracts  of  cultured  skin  fibro- 
blasts. Pathogenesis  of  this  disease  may  involve 
replacement  of  long  chain  fatty  acids,  phospholip- 
ids, and  triglycerides  with  phytanic  acid  derived 
from  dietary  sources.  Abnormal  accumulation  of 
phytanic  acid  in  many  tissues  then  leads  to  malfunc- 
tion. Treatment  with  a  low  phytol,  low  phytanic 
acid  diet,  that  is,  excluding  green  leafy  vegetables, 
animal  fats,  and  milk  products,  has  led  to  lower 
serum  phytanic  acid  levels,  improved  nerve  conduc- 
tion times,  and  lower  cerebrospinal  fluid  protein 
levels. 46-48-50  Studies  are  in  progress  to  learn  wheth- 
er dietary  treatment  will  result  in  improved  or 
stabilized    retinal    function    over    the    long    term. 

The  possibility  of  replacing  missing  enzymes  has 
been  considered  for  patients  with  some  of  the 
familial  sphingolipidoses.  Enzymes  isolated  from 
human  placental  tissue  have  been  injected  intrave- 
nously into  affected  patients.  This  causes  a  decrease 
in  the  amount  of  ceramide  trihexoxide  in  the  blood 
of  patients  with  Fabry's  disease  and  the  removal  of 
accumulated  lipid  from  the  liver  and  circulation  of 
patients  with  Gaucher's  disease. 30,51 

However,  when  a  trial  of  hexoseaminidase  A  was 
attempted  in  Tay-Sachs  disease,  no  evidence  was 
obtained  that  the  injected  enzyme  crossed  the 
blood-brain  barrier,  and  no  clinical  improvement 
was  noted. 52  More  recent  investigations  have  shown 
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that  the  blood-brain  barrier  can  be  opened  and  that 
under  these  conditions  the  enzyme  injected  intrave- 
nously can  enter  the  brain. 53  However,  more  studies 
are  needed  before  these  procedures  can  be  advocat- 
ed for  clinical  trials  on  Tay-Sachs  disease  and  other 
disorders  that  cause  brain  and   retinal  damage.30 

Clinicopathologic  Correlations 

Over  the  past  five  years,  eyes  from  patients  with 
retinitis  pigmentosa  have  been  obtained  shortly  after 
death,  and  this  has  allowed  study  of  ultrastructural 
abnormalities  with  the  electron  microscope. 54_56 
Remaining  cone  photoreceptors  (Figures  3A  and  B) 
had  shortened  outer  segments54"56  or  no  organized 
outer  segments  and  contained  autophagic  vacuoles 
in  the  perinuclear  cytoplasm. 5556  Large  numbers  of 
melanolysosomes  were  observed  in  the  pigment 
epithelium,5556  and  a  preretinal  membrane  emanat- 
ed from  the  optic  disc. 57 

In  a  donor  eye  from  a  24-year-old  male  with  X- 
chromosome-linked  retinitis  pigmentosa,  shortened 
rod  outer  segments  were  found  in  the  periphery  at  a 
time  when  these  rods  were  otherwise  intact  (Figure 
3C).  The  histologic  findings  could  be  correlated 
with  premortem  clinical  findings  in  this  patient 
based  on  noninvasive  tests  of  retinal  function, 
supporting  the  suggestion  that  these  tests  provide  a 
reliable  index  of  the  extent  and  type  of  photorecep- 
tor involvement  in  this  disease. 56 

Of  interest  has  been  the  observation  that  patients 
with  retinitis  pigmentosa  could  retain  considerable 
visual  function  even  when  only  cone  photoreceptor 
cells  without  organized  outer  segments  were  visible 
over  large  areas.  The  histologic  findings  in  these 
donor  eyes,  combined  with  measurements  of  the 
early  receptor  potential,  fundus  reflectometry  meas- 
urements, and  dark  adaptation  thresholds  in  young 
patients  with  these  diseases,  suggest  an  imbalance 
between  renewal  of  photoreceptor  outer  segments 
and  outer  segment  degradation  by  the  pigment 
epithelium,  although  the  etiology  for  this  imbalance 
is  not  clear. 58 

Studies  of  normal  postmortem  human  donor  eyes 
have  recently  been  expanded  to  obtain  baseline 
information  on  the  normal  retina  and  pigment 
epithelium  which  could  be  used  for  comparison 
with  tissue  from  postmortem  donor  eyes  of  patients 
with  retinal  degenerations. 59  These  studies  have 
shown  that  photoreceptor-specific  processes,  such 
as  synthesis  of  rhodopsin  and  the  high  affinity 
uptake  mechanism  for  taurine,  may  continue  for  at 
least  four  hours  after  death. 

The  ability  to  culture  human  pigment  epithelium 
for  biochemical  and  ultrastructural  studies  has  pro- 
vided a  new  dimension  to  efforts  aimed  at  under- 
standing these  diseases.  Pigment  epithelial  cells  from 
human  eyes  have  been  cultured 60" 62  40  hours  after 
the  donor's  death6162  and  cell  lines  established  for 
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FIGURES  3A,  B,  and  C.  Representative  sections  from  a  postmortem 
donor  eye  from  a  24-year-old  patient  with  X-chromosome-Iinked  retinitis 
pigmentosa:  (A)  cones  in  the  central  fovea  have  enlarged  inner  segments 
(IS)  and  distorted  remnants  of  outer  segments  (OS).  Autophagic  vacuoles 
(arrows)  are  seen  in  the  perinuclear  cytoplasm.  Pigment  epithelial  cells 
contain  large  numbers  of  melanolysosomes  (1),  lysosomes  (2),  and  few  free 
melanin  granules.  Apical  protrusions  of  these  cells  extend  between  cone 
inner  segments.  Horizontal  bar  (lower  right)  is  2  /im,  (B)  Parafoveal  cones 
have  no  organized  outer  segments,  and  small  portions  of  their  inner 
segments  extend  beyond  the  external  limiting  membrane  (X).  Autophagic 
vacuoles  (arrows)  are  present  in  cone  cell  bodies.  Protrusions  of  the 
pigment  epithelial  cells  extend  proximal  to  the  apical  tight  junctions 
(arrowheads).  Horizontal  bar  (lower  right)  represents  5  u.m,  (C)  Repre- 
sentative rods  in  the  far  periphery  have  outer  segments  shortened  in  length 
with  well-ordered  discs.  Outer  segments  are  surrounded  by  microvillous 
processes  of  the  pigment  epithelium.  Some  processes  extend  up  to  the 
inner  segments  and  are  distended.  Free  melanin  granules  are  prominent  in 
the  apical  portion  of  the  pigment  epithelium.  Horizontal  bar  (lower  right) 
is  1  fi.m.  (From  Szamier  RB,  Berson  EL,  Klein  R,  and  Meyers  S.  Invest 
Ophthalmol  Vis  Sci  18:145,  1979). 
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biochemical  studies. 62,63  Best  results  have  been 
obtained  with  eyes  removed  within  five  hours  after 
death  and  placed  on  ice. 62  In  vitro  growth  charac- 
teristics and  morphology  of  the  human  retinal 
pigment  epithelium  have  been  characterized,64,65  as 
well  as  the  increase  in  the  content  of  lipofuscin  with 
age. 6&  67  Cultured  pigment  epithelial  cells  from  a 
donor  eye  with  X-linked  retinitis  pigmentosa  syn- 
thesize and  secrete  glycosaminoglycans  in  a  pattern 
comparable  with  that  of  cultured  cells  from  normal 
eyes. 62  Regional  differences  (that  is,  comparing  the 
macula  with  midperiphery  and  far  periphery)  in 
melanin  and  lipofuscin  content  of  the  pigment 
epithelium65,68  and  cyclic  nucleotide  levels69  have 
been  observed  in  normal  pigment  epithelium  and 
they  provide  baseline  information  for  comparison 
with  cultured  pigment  epithelium  from  donor  eyes 
with  retinitis  pigmentosa. 

Animal  Models  of  Hereditary  Retinal  Disease 

Considerable  progress  has  been  made  in  understand- 
ing the  pathogenesis  of  retinal  degenerations  in 
several  animal  models.  Animals  with  inherited 
blindness  are  a  valuable  resource  in  the  quest  for 
biochemical  abnormalities  that  cause  visual  cell 
degeneration.  They  are  particularly  useful  in  study- 
ing the  processes  of  cell  differentiation  and  cell-to- 
cell  interactions.  In  both  human  and  animal  disor- 
ders, the  process  by  which  immature  cells  are 
transformed  into  specialized  photoreceptors  (differ- 
entiation) may  be  abnormal,  and  in  some  cases,  the 
coordinated  interaction  between  visual  cells  and 
pigment  epithelium  may  be  faulty.  An  experimental- 
ly derived  catalogue  of  inherited  defects  is  needed 
for  the  animal  disorders;  it  could  provide  a  basis  for 
understanding  human  disease  and  initiating  treat- 
ment trials. 

Studies  of  mice  with  hereditary  retinal  degenera- 
tion (rd  mice)  have  shown  that  an  abnormality  in 
the  metabolism  of  cyclic  nucleotides  occurs  before 
the  visual  cells  begin  to  degenerate. 70  These  mice 
have  a  deficiency  in  cyclic  GMP  phosphodiesterase 
activity  which  results  in  the  accumulation  of  cyclic 
GMP  within  affected  photoreceptor  cells. 71, 72  A 
relationship  between  the  elevation  of  cyclic  GMP 
and  photoreceptor  cell  degeneration  has  been  estab- 
lished in  normal  eye  rudiments  of  Xenopus  laevis 
cultured  in  the  presence  of  phosphodiesterase  inhibi- 
tors. 73  Similarly,  an  abnormality  in  retinal  cyclic 
GMP  metabolism  has  been  demonstrated  in  the 
inherited  rod-cone  dysplasia  of  Irish  setters,  due  to  a 
deficiency  in  cyclic  GMP  phosphodiesterase  activi- 
ty in  affected  visual  cells. 74  Calmodulin,  the  protein 
activator  of  phosphodiesterase,  may  be  involved  in 
the  canine  disease,  because  the  level  of  calmodulin 
in  affected  retinas  is  about  one-half  that  in  control 
retinas.  Moreover,  in  contrast  to  normal  dogs  which 
develop  a  calmodulin  independent  phosphodiester- 


ase with  rod  outer  segment  elongation,  the  affected 
dogs  fail  to  develop  evidence  of  this  enzyme.75,76 

Both  phosphodiesterase  activators77  and  inhibi- 
tors78 are  present  in  high  concentrations  in  the 
retina.  Study  of  these  factors  and  delineation  of 
their  role  in  photoreceptor  metabolism  could  pro- 
vide a  much  better  idea  of  normal  and  pathological 
processes  in  the  photoreceptors. 

The  findings  in  the  rd  mouse  and  the  Irish  setter 
with  inherited  retinal  degenerations  have  raised  the 
possibility  that  accumulation  of  cyclic  GMP  may  be 
a  causative  factor  in  photoreceptor  cell  degenera- 
tion. Recent  studies  have  demonstrated  that  when 
phosphodiesterase  inhibitors  or  dibutyryl  cyclic 
GMP  are  applied  to  normal  human  retinas  postmor- 
tem changes  develop  in  rod  photoreceptors  in  the 
absence  of  pronounced  changes  in  the  inner  retina 
or  loss  of  cones. 79  It  has  not  been  demonstrated  that 
cyclic  GMP  changes  lead  to  hereditary  retinal 
degenerations  in  man;  nevertheless,  this  line  of 
investigation  shows  promise  of  delineating  pathoge- 
netic events,  whether  they  be  primary  or  secondary, 
which  lead  to  photoreceptor  cell  death. 

In  the  Royal  College  of  Surgeons  (RCS)  rat  with 
inherited  retinal  degeneration,  a  defect  exists  in  the 
capacity  of  the  pigment  epithelium  to  phagocytize 
the  rod  outer  segment  tips.  Studies  of  rat  chimeras, 
produced  from  fusion  of  the  embryos  of  normals 
and  RCS  mutants,  have  clearly  established  that  the 
primary  defect  must  be  in  the  pigment  epithelium, 
even  though  it  is  the  adjacent  photoreceptor  cells 
that  degenerate. 80  The  defect  in  the  pigment  epithe- 
lium also  has  been  demonstrated  in  vitro:  pigment 
epithelial  cells  of  RCS  rats  show  marked  reduction 
in  the  capacity  to  phagocytize  outer  segments  when 
compared  with  the  phagocytic  capacity  of  normal 
rat  pigment  epithelial  cells. 81  Factors  that  may 
regulate  phagocytosis  of  outer  segments,  such  as 
light,82,83  are  under  study  in  animal  models  of 
hereditary  retinal  disease.  Although  phagosomes 
have  been  identified  in  human  donor  eyes  with 
retinitis  pigmentosa,  a  subtle  quantitative  defect  in 
phagocytosis  of  outer  segments  has  not  yet  been 
excluded. 

Additional  insights  into  possible  pathogenetic 
mechanisms  in  human  diseases  are  provided  by 
other  animal  models  of  retinal  degeneration.  For 
example,  a  condition  analogous  to  gyrate  atrophy  of 
the  choroid  and  retina  has  been  observed  in  one  cat; 
this  animal  had  hyperornithinemia  and  a  deficiency 
of  ornithine  ketoacid  transaminase  in  association 
with  a  generalized  retinal  degeneration  involving 
photoreceptors,  pigment  epithelium,  and  small  chor- 
oidal vessels. 84  Progress  made  in  defining  the 
ultrastructural  abnormalities  in  the  retinas  of  Eng- 
lish setters  with  inherited  neuronal  ceroid  lipofusci- 
nosis9 may  prove  relevant  to  humans  with  Batten- 
Mayou  disease.  Mutant  mice  with  neurologic  and 
retinal  abnormalities  have  also  provided  new  infor- 
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mation  on  pathogenetic  mechanisms  that  may  be 
involved  in  diseases  of  the  human  retina. 85 


Aids  for  the  Visually  Handicapped 

A  night  vision  pocketscope  incorporating  electroop- 
tical  technology  has  allowed  patients  with  moder- 
ately advanced  retinitis  pigmentosa  with  defective 
receptor  function  to  use  their  impaired  cones  to 
achieve  mobility  under  dimly  lit  conditions. 86  The 
pocketscope  does  not  alter  the  course  of  their 
condition,  but  it  enables  these  patients  to  extend 
their  daylight  vision  capabilities  to  nighttime.  Other 
aids  that  have  enhanced  the  ability  of  the  partially 
sighted  and  blind  to  achieve  more  independence 
include  talking  calculators  and  typewriters  as  well 
as  the  Kurzweil  reading  machine  (see  Volume  Two, 
Part  Six,  Report  of  the  Panel  on  Visual  Impairment 
and  Its  Rehabilitation). 

Further  Applications  of  Noninvasive  Tests  of 
Retinal  Function 

Noninvasive  tests  of  retinal  function  have  provided 
information  on  the  site  of  defective  function  in  a 
number  of  retinal  disorders.  For  example,  in  Ogu- 
chi's  disease,  an  inherited  form  of  stationary  night 
blindness,  rhodopsin  regeneration  as  measured  by 
fundus  reflectometry  was  normal  at  a  time  when  the 
patient  had  abnormal  rod  psychophysical  function. 
These  and  other  findings  suggested  that  the  visual 
pigment  cycle  is  normal  in  Oguchi's  disease,  but  that 
visual  function  is  abnormal  due  to  a  defect  in  neural 
adaptation  in  the  inner  retina  proximal  to  the 
photoreceptors. 87 

In  contrast,  patients  with  fundus  albipunctatus, 
another  form  of  stationary  night  blindness,  have  an 
abnormality  in  visual  pigment  regeneration,  as  meas- 
ured with  fundus  reflectometry,  suggesting  that  a 
defect  exists  at  the  interface  of  the  photoreceptors 
and  pigment  epithelium.88,89  In  addition  to  fundus 
reflectometry,  ERG  and  psychophysical  tests  have 
also  aided  in  defining  the  extent  of  cone  relative  to 
rod  malfunction  and  the  regions  of  retina  that  are 
involved.90"92  In  one  form  of  dominant  retinitis 
pigmentosa,  foveal  cone  ERGs  were  normal  in 
amplitude  and  implicit  time  at  a  time  when  midpe- 
ripheral  cone  ERGs  were  minimally  reduced  but 
substantially  delayed.  These  findings  point  to  re- 
gional differences  that  exist  in  the  cone  involvement 
in  the  early  stages  of  these  diseases. 93 

Noninvasive  tests  also  have  helped  to  define 
pathogenetic  mechanisms.  For  example,  meas- 
urements with  fundus  reflectometry  have  shown 
that  for  the  same  reduction  in  rhodopsin  content  in 
a  given  peripheral  retinal  area,  a  patient  with 
vitamin  A  deficiency  showed  an  elevation  of  the 
dark  adaptation  threshold  that  was  several  orders  of 


magnitude  above  that  observed  for  patients  with 
retinitis  pigmentosa. 58  This  finding  and  the  results  of 
ERG  testing94  support  the  idea  that  patients  with 
retinitis  pigmentosa  with  night  blindness  are  not 
suffering  from  a  local  deficiency  of  vitamin  A  in  the 
retina. 

Other  Advances 

Research  has  continued  on  nutritionally  induced 
retinal  degeneration  in  the  taurine-deficient  cat, 
because  this  animal  model  provides  an  opportunity 
for  studying  photoreceptor  malfunction  that  can  be 
reversed  by  the  reintroduction  of  taurine  into  the 
diet. 95, 96  The  mechanism  by  which  taurine  deficien- 
cy leads  to  photoreceptor  cell  death  remains  to  be 
defined.  Research  has  also  proceeded  on  determin- 
ing safe  limits  for  light  exposure, 97  for  it  is  clear  that 
prolonged  exposure  to  high  intensity  lights  can 
produce  photoreceptor  cell  damage;97,98  short  wa- 
velength light  may  be  particularly  harmful. 99 

These  observations  and  an  earlier  report  that 
photoreceptor  degeneration  is  significantly  retarded 
in  albino  RCS  rats  raised  in  darkness  10°  led  to  a 
therapeutic  trial  on  the  effects  of  light  deprivation. 
In  two  patients  with  hereditary  retinitis  pigmentosa, 
one  eye  was  occluded  by  an  opaque  scleral  contact 
lens  worn  for  6  to  8  hours  a  day  over  a  five-year 
period.  Despite  this  degree  of  monocular  light 
deprivation,  both  retinas  degenerated  in  a  compara- 
ble manner,  as  judged  by  psychophysical  and 
electroretinographic  testing  as  well  as  ophthalmo- 
scopic observations. 101 

Until  more  is  known  about  the  effects  of  light  in 
such  eyes,  patients  with  retinitis  pigmentosa  and 
other  hereditary  retinal  degenerations  are  advised  to 
wear  dark  sunglasses  for  outdoor  use.  It  must  be 
emphasized,  however,  that  no  evidence  at  present 
demonstrates  that  any  form  of  light  deprivation  or 
exposure  will  modify  the  rates  at  which  these 
diseases  progress. 101 

Diets  deficient  in  vitamin  E  enhance  the  accumu- 
lation of  lipofuscin  in  the  retinal  pigment  epitheli- 
um, 102_104  and  this  may  suggest  an  important  line  of 
investigation  in  hereditary  retinal  diseases  in  which 
lipofuscin-like  material  has  been  noted  in  high 
concentrations  in  the  pigment  epithelium. 105, 106 
Lymphocytes  of  patients  with  retinitis  pigmentosa 
were  stimulated  by  incubation  with  human  soluble 
retinal  antigens  and  with  bovine  rod  outer  seg- 
ments, 107  thus  suggesting  that  the  cell-mediated 
immune  system  could  be  involved  in  the  pathogene- 
sis of  these  diseases. 

Careful  study  of  individual  patients  has  been 
valuable  in  delineating  disorders  of  the  retina  and 
choroid.  This  was  demonstrated  in  the  study  of 
Refsum's  disease,  in  which  apparently  unrelated 
clinical  findings  were  recognized  as  firmly  associat- 
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ed. 45  Once  the  constellation  of  clinical  findings  had 
been  identified,  accumulation  of  phytanic  acid  was 
detected  in  well-classified  patients. 47  Gyrate  atro- 
phy was  distinguished  from  other  retinal  degener- 
ations clinically; 31  biochemical  studies  then  substan- 
tiated the  difference32  and  demonstrated  heteroge- 
neity among  patients. 34'36-37 

Oculocutaneous  albinism,  inherited  by  an  autoso- 
mal recessive  mode,  has  been  subdivided  into 
tyrosinase-positive  and  tyrosinase-negative  types 
based  on  the  presence  or  absence  of  tyrosinase 
activity  in  the  patient's  hair  bulb.  Although  children 
with  both  types  are  depigmented  at  birth,  the 
tyrosinase-positive  infant  shows  a  slow  increase  in 
pigmentation  and  can  be  expected  to  have  signifi- 
cantly better  visual  acuity  than  the  tyrosinase 
negative  infant. 108 

There  are  other  recent  examples  of  continued 
efforts  to  classify  patients  carefully,  as  a  step  toward 
defining  biochemical  defects  and  seeking  rational 
approaches  to  treatment.  These  include  the  subclas- 
sification  of  pigmentary  retinopathies  associated 
with  hearing  loss 109  and  a  consideration  of  risk 
factors  for  genetic  typing  and  detection  in  the 
different  types  of  retinitis  pigmentosa.  no 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 


Continued  studies  of  blood,  urine,  and  cultured  skin 
fibroblasts  are  needed  to  search  for  new  biochemical 
defects  and  further  explore  existing  defects.  This 
approach,  as  demonstrated  in  gyrate  atrophy,  Ref- 
sum's  disease,  and  hereditary  a-beta-lipoproteinemia, 
should  lead  to  rational  approaches  for  therapy. 
Electroretinographic  and  psychophysical  testing 
as  well  as  fundus  reflectometry  are  noninvasive 
techniques  that  provide  an  opportunity  to  assess 
retinal  function  in  the  early  stages  of  the  disease 
process  and  thereby  detect  functional  abnormalities 
in  various  types  of  hereditary  retinal  and  choroidal 
disorders.  Delays  in  the  temporal  aspects  of  the 
cone  b-wave  of  the  electroretinogram,  observed  in 
progressive  forms  of  retinitis  pigmentosa,  should  be 
studied  further  to  determine  to  what  extent  the 
delays  are  related  to  abnormal  rod-cone  ni  or  cone- 
cone  interactions  and  whether  the  delays  in  the  b- 
wave  reflect  changes  in  the  temporal  aspects  of  the 
a-wave  generated  by  the  photoreceptors.  Patients 
with  these  diseases  often  report  problems  not  only 
in  dark  adaptation  but  also  in  their  ability  to  adapt 
to  light;  the  light-adapting  properties  of  the  normal 
and  diseased  retina  might  be  explored  profitably 
with  noninvasive  techniques.  Emphasis  should  be 
placed  on  regional  differences  that  may  exist  in  the 
retina,  as  assessed  by  focal  tests  of  retinal  function 


and  on  techniques  that  enable  the  experimenter  to 
visualize  the  stimulus  on  the  retinal  area  of  interest. 
Patients  with  congenital  achromatopsia  and  some 
forms  of  stationary  night  blindness  should  be  evalu- 
ated for  they  provide  unusual  opportunities  to  assess 
rod  and  cone  function  in  isolation. 

It  is  important  to  define  further  the  short-term 
(that  is,  over  five  years)  natural  histories  of  the 
various  types  of  hereditary  retinal  and  choroidal 
diseases  during  various  periods  of  life;  such  informa- 
tion is  prerequisite  to  considering  treatment  trials 
aimed  at  stabilizing  these  conditions.  Natural  histor- 
ies should  be  determined  by  periodically  evaluating 
patients  with  full-field  and  focal  electroretinograph- 
ic testing,  psychophysical  tests,  fundus  reflectom- 
etry, photography,  and  such  other  techniques  as 
may  be  developed. 

The  need  to  develop  better  visual  aids  for  the 
partially  sighted  is  related  to  the  need  for  knowl- 
edge of  the  types  of  retinal  malfunction  that  occur 
in  these  patients  at  different  stages  of  disease.  For 
those  who  are  totally  blind  or  blind  and  deaf,  aids 
are  needed  to  help  them  achieve  as  much  independ- 
ence and  productivity  as  possible  (see  Volume  Two, 
Part  Six,  Report  of  the  Panel  on  Visual  Impairment 
and  Its  Rehabilitation). 

Studies  of  human  donor  eyes  with  retinal  degen- 
erations should  be  encouraged  and  correlation  of 
premortem  functional  changes  with  postmortem 
findings  emphasized.  Donor  eyes  may  be  used  not 
only  for  ultrastructural  studies,  but  also  biochemical 
studies  of  the  retina  and  pigment  epithelium.  At- 
tempts to  establish  cell  lines  of  pigment  epithelium 
for  biochemical  and  ultrastructural  analyses  should 
be  carried  out  first  in  normal  donor  eyes  and  where 
possible  in  postmortem  donor  eyes  from  patients 
with  hereditary  retinal  diseases. 

Animal  models  of  hereditary  retinal  degenerations 
should  continue  to  be  studied  (with  particular 
attention  given  to  defining  the  natural  histories  of 
these  conditions)  with  noninvasive  techniques;  the 
associated  metabolic  and  ultrastructural  abnormali- 
ties should  also  be  investigated.  Treatment  trials 
should  be  considered  wherever  rational  programs 
can  be  started.  Breeding  facilities  must  continue  to 
be  maintained  so  that  animal  models  are  available 
for  investigators  who  wish  to  study  them  (see 
Chapter  14,  "Tissue  Acquisition  and  Distribution: 
Human  Donor  Eyes  and  Animal  Models").  The 
search  for  nonhuman  primate  models  with  heredi- 
tary retinal  disease  should  be  continued,  because 
these  models  may  provide  new  information  on 
pathogenetic  processes  in  human  retinal  degener- 
ations. 

Continued  research  on  the  normal  retina  and 
choroid  must  be  encouraged,  including  studies  of 
photoreceptor  differentiation,  interrelationships 
among  retinal  cells  and  between  the  photoreceptors 
and   pigment   epithelium,    membrane   architecture, 
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physical  properties  of  cellular  membranes,  metabol- 
ic processes,  specific  cell  types  in  tissue  culture, 
postmortem  metabolic  capacity  of  the  normal 
human  retina  and  pigment  epithelium,  regional 
differences  in  the  retina  and  pigment  epithelium,  and 
prenatal  development  of  the  retina  and  pigment 
epithelium,  as  well  as  postnatal  changes  with  age. 
Information  derived  from  studies  of  the  normal 
retina  and  choroid  should  provide  a  basis  for 
considering  abnormalities  in  animals  with  retinal 
degenerations  and  in  donor  eyes  from  patients  with 
hereditary  retinal  degenerations. 

Continued  efforts  to  detect  carriers  should  be 
encouraged,  whether  through  direct  measurements 
of  retinal  function  with  electroretinographic  or 
psychophysical  testing,  fundus  reflectometry,  or 
biochemical  studies  of  blood,  urine,  and  cultured 
skin  fibroblasts.  Where  possible,  prenatal  tests  for 
hereditary  retinal  and  choroidal  diseases  also  should 
be  developed. 

Epidemiological  studies  to  search  for  factors  that 
aggravate  or  ameliorate  hereditary  retinal  regenera- 
tions should  be  encouraged  based  on  evaluation  of 
patients  with  well-classified  disease.  These  studies 
should  consider  the  drugs  taken  by  the  patient,  the 
individual's  nutritional  status,  and  possible  environ- 
mental factors. 

When  the  rationale  can  be  made,  treatment  trials 
should  be  encouraged  for  patients  with  retinal  and 
choroidal  degenerations  that  include  appropriate 
assessment  of  visual  function  prior  to  the  onset  of 
treatment  and  throughout  the  course  of  the  study. 

Studies  are  needed  to  localize  the  genetic  defects 
on  specific  chromosomal  sites;  these  could  lead  to 
further  definition  of  the  biochemical  defects  in  these 
diseases,  detection  of  carriers,  and  development  of 
prenatal  tests  to  identify  affected  individuals. 

The  rapidly  expanding  field  of  molecular  biology 
presents  new  possibilities  for  studying  hereditary 
retinal  and  choroidal  degenerations  as  well  as 
learning  more  about  basic  retinal  function.  It  is  now 
possible  to  clone  specific  fragments  of  DNA  and 
reintroduce  them  into  the  genome  for  copying. 
Most  often  this  is  performed  using  a  viral  vector, 
that  is,  linking  the  particular  DNA  fragment  to  viral 
DNA  and  introducing  it  into  a  cell.  These  tech- 
niques recently  have  been  successful  in  producing 
such  important  proteins  as  insulin  and  interferon  in 
cultured  cell  lines. 112  The  first  part  of  the  proce- 
dure, that  is,  procuring  cDNA  copies  of  pertinent 
mRNA  species  potentially  could  yield  much  needed 
information  on  the  biochemical  differences  in  gene 
structure  and  function  in  normal  and  degenerative 
retinas.  With  these  techniques,  such  basic  questions 
as  the  following  can  be  addressed  now:  Do  genetic 
areas  for  rhodopsin  coding  differ  in  retinas  with 
retinitis  pigmentosa?  Are  differences  observed  in 
coding  for  phosphodiesterase,  calmodulin,  and  other 
molecules? 


The  investigations  proposed  above  require  the 
efforts  and  cooperation  of  ophthalmologists,  pa- 
thologists, optometrists,  biochemists,  cell  biologists, 
immunologists,  electrophysiologists,  psychophysi- 
cists,  anatomists,  epidemiologists,  statisticians,  ge- 
neticists, and  others  with  a  knowledge  and  interest 
in  the  retina.  Additional  training  is  needed  which 
provides  the  clinician  with  a  better  understanding  of 
and  appreciation  for  basic  research  approaches.  At 
the  same  time,  there  is  a  need  to  familiarize 
nonclinician  visual  scientists  with  the  research  prob- 
lems and  opportunities  presented  by  the  hereditary 
retinal  and  choroidal  diseases.  Finally,  there  is 
continuing  need  for  close  collaborations  among 
pathologists  and  visual  scientists  to  ensure  the 
availability  and  optimum  investigation  of  human 
and  animal  material. 


RECOMMENDATIONS 


Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Developmental  and  Heredi- 
tary Disorders,"  the  Panel  has  made  the  following 
recommendations  concerning  research  in  this  sub- 
program over  the  next  five  years.  These  have  been 
grouped  under  two  headings:  Program  Base  and 
Program  Development  Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research   grants   in   these   areas   are   forthcoming. 


Program  Base 

■  Study  animal  models  of  developmental  and  he- 
reditary disorders  of  the  retina  and  choroid  to 
define  biochemical  defects  and  pathogenetic 
mechanisms. 
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Define  the  types  of  retinal  malfunction  and  the 
short-term  natural  histories  of  these  diseases 
using  noninvasive  techniques,  including  electro- 
retinographic,  psychophysical,  and  fundus  reflec- 
trometric  testing  (see  Chapter  10,  "Retinal  Orga- 
nization, Neurotransmission,  and  Adaptation;" 
and  Chapter  13,  "Noninvasive  Techniques  in  the 
Study  of  Retinal  Disorders"). 


Program  Development  Priorities 

■  Search  for  biochemical  defects  and  pathogenetic 
mechanisms  through  studies  of  tissues,  fluids,  and 
postmortem  donor  eyes  from  patients  with  de- 
generative diseases  of  the  retina  and  choroid. 
This  will  require  basic  research  on  normal 
humans  to  establish  baseline  data  and  clinicopath- 
ologic  correlations  combining  premortem  evalua- 
tions with  postmortem  histopathologic,  bio- 
chemical, and  other  studies. 

■  Apply  the  powerful  new  methods  of  genetic 
analysis  to  studies  of  patients  and  animal  models 
of  hereditary  retinal  degenerations. 

■  Develop  methods  to  detect  carriers  of  these 
diseases  and  prenatal  tests  to  identify  affected 
individuals. 


Conduct  epidemiologic  studies  on  well-classified 
developmental  and  hereditary  retinal  and  choroi- 
dal diseases  to  identify  aggravating,  ameliorating, 
and  possible  causative  factors. 

Support  therapeutic  trials  for  degenerative  dis- 
eases of  the  retina  and  choroid  as  promising  new 
treatments  become  available. 

Evaluate  the  efficacy  of  new  aids  for  the  partially 
sighted  (see  Volume  Two,  Part  Six,  Report  of  the 
Panel  on  Visual  Impairment  and  Its  Rehabilita- 
tion). 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 


DEVELOPMENTAL  AND  HEREDITARY  DISORDERS 


No.  of  Grants 
FY  1981 


Panel  Recommendation  FY  83 


Add.  Grants 


Total  Grants 


Program  Base 

A.  Study  animal  models  of  these  diseases  to  define 
biochemical  defects  and  pathogenetic  mechanisms. 

B.  Define  types  of  retinal  malfunction  and  the  short-term 
natural  histories  of  these  diseases  using  noninvasive 
techniques. 

Program  Development  Priorities 

A.  Search  for  biochemical  defects  and  pathogenetic 
mechanisms  through  studies  of  patients  with 
degenerative  diseases. 

B.  Apply  new  methods  of  genetic  analysis  to  studies  of 
patients  and  animal  models  of  hereditary  retinal 
degenerations. 

C.  Develop  methods  to  detect  carriers  of  these  diseases 
and  prenatal  tests  to  identify  affected  individuals. 

D.  Conduct  epidemiologic  studies  on  developmental  and 
hereditary  diseases  of  the  retina  and  choroid. 

E.  Support  therapeutic  trials  for  degenerative  diseases  of 
the  retina  and  choroid. 

F.  Evaluate  the  efficacy  of  new  aids  for  the  partially 
sighted. 

Subtotal  Grants 
(%  of  Program) 


27 
8 


42 
(11) 


17 
(15) 


29 
10 

10 


59 

(12) 


Total  Estimated  Cost 


$3,809,000 


$2,386,000 


$6,195,000 


•See  Volume  Two,  Part  Six,  Report  of  the  Visual  Impairment 
and  Its  Rehabilitation  Panel. 
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MACULAR 
DEGENERATION 

INTRODUCTION 


THE  MACULA  IS  the  tiny  central  part  of  the 
sensory  retina,  only  one-fifth  of  an  inch  across  (see 
Chapter  9,  "Photoreceptors,  Visual  Pigments,  and 
Phototransduction,"  and  Chapter  10,  "Retinal  Orga- 
nization, Neurotransmission,  and  Adaptation").  But 
our  central  vision  and,  therefore,  the  ability  to  read 
and  to  see  fine  detail  depends  on  the  health  of  this 
very  small,  highly  specialized  area  of  the  retina. 
Unfortunately,  the  macular  region  of  the  retina  is 
predisposed  to  various  degenerative  changes,  and 
although  there  are  a  number  of  anatomical  special- 
izations within  the  macula,  including  a  high  density 
of  modified  cones  and  a  central  zone  which  is 
avascular,  the  underlying  reason  for  this  predisposi- 
tion to  disease  is  not  known.  According  to  1970- 
1974  data  from  a  national  survey,  in  the  United 
States  each  year  more  than  165,000  first  visits  to 
physicians  are  made  because  of  macular  degenera- 
tion. '  For  some,  the  disease  is  so  severe  it  causes 
legal  blindness.  For  many  others,  sharp,  central 
vision  is  significantly  impaired.  Although  macular 
diseases  affect  all  age  groups,  most  cases  are 
associated  with  aging.  For  the  affected  individuals, 
the  results  can  be  tragic;  for  society,  the  economic 
consequences  are  enormous. 

The  term  macular  disease  actually  refers  to  a 
complex  group  of  disorders  which  include: 

■  Aging-related  maculopathy  (senile  macular  degen- 
eration). (The  term  senile  macular  degeneration, 
although  firmly  established  in  ophthalmologic 
terminology,  has  unfortunate  connotations.  For 
this  reason,  the  term  aging-related  maculopathy 
will  be  used  in  this  chapter  and  elsewhere  in  this 


report.)  This  is  a  major  cause  of  blindness  in  the 
United  States,  and  by  far  the  leading  cause  of 
new  cases  of  blindness  in  people  age  65  and  over. 
The  disease  may  progress  slowly  in  some  people. 
In  others,  however,  vision  may  deteriorate  quite 
rapidly.  These  are  people  with  the  neovascular 
form  of  the  disease  in  which  abnormal  new  blood 
vessels  from  the  choroid,  the  blood  vessel  layer 
behind  the  retina,  grow  beneath  and  into  the 
macula  (Figure  1). 

■  Central  serous  choroidopathy.  This  is  a  disorder 
characterized  by  the  accumulation  of  fluid  be- 
neath the  retina  and  detachment  of  the  retina  in 
the  macular  region  (Figure  2).  Younger  individ- 
uals age  20  to  40  are  primarily  affected.  Vision  is 
distorted  and  there  may  be  repeated  episodes. 
The  degree  of  recovery  is  variable,  and  some 
individuals  sustain  permanent  visual  loss. 

■  Hereditary  (juvenile)  macular  degeneration.  This  is 
a  group  of  genetically  transmitted  degenerations 
of  the  macula  affecting  the  young.  The  main 
types  include  vitelliform  macular  degeneration 
(Best's  macular  dystrophy)  and  fundus  flavimacu- 
latus  (Stargardt's  disease)  (Figure  3). 

■  Macular  disease  associated  with  other  ocular  or 
systemic  conditions.  This  category  includes  macu- 
lar edema  (swelling),  which  may  occur  following 
cataract  surgery  or  retinal  detachment  surgery, 
or  which  may  be  associated  with  vascular  or 
inflammatory  disorders,  and  the  macular  degen- 
eration that  occurs  in  the  presumed  ocular 
histoplasmosis  syndrome  (Figure  4),  trauma,  and 
high  degrees  of  myopia. 

■  Toxic  macular  disease.  The  central  visual  area  has 
a  special  susceptibility  to  the  toxic  effects  of 
several  types  of  drugs  and  chemicals  (see  Chapter 
7,  "Toxic  and  Environmental  Disorders"). 

A  significant  breakthrough  recently  occurred  in 
the  ability  to  treat  aging-related  maculopathy.  An 
NEI  grant-supported  clinical  trial,  the  Macular 
Photocoagulation  Study,  determined  that  laser  pho- 
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FIGURES  2A  and  B.  Leakage  of  fluorescein  in  smokestack  configuration 
in  a  patient  with  central  serous  choroidopathy. 


FIGURES    1A,    B,   and   C.    Increasing   fluorescence   from   a   subretinal 
neovascular  membrane  just  superior  and  temporal   to  the  foveal  area. 


tocoagulation  is  effective  in  preventing  severe  visual 
loss  from  the  neovascular  type  of  this  disease,2 
which  accounts  for  90  percent  of  blindness  from 
aging-related  maculopathy. 16  On  the  basis  of  the 
study's  findings,  it  can  be  estimated  that  with 
prompt  treatment  13,000  Americans  with  neovascu- 
lar aging-related  maculopathy  each  year  could  be 
permanently  or  temporarily  saved  from  going  blind, 
and  120,000  more  spared  lesser  degrees  of  visual 
impairment. 

As  striking  as  this  treatment  breakthrough  is,  the 
results  are  limited  to  one  specific  type  of  macular 
disease,  and  then  only  to  patients  meeting  stringent 
eligibility  criteria.  For  the  majority  of  people  with 
aging-related  maculopathy  and  for  people  affected 
by  other  macular  diseases,  there  is  no  proven 
treatment.  None  of  the  fundamental  causes  of  any 
type  of  macular  disease  is  known,  and  none  can  be 
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FIGURE  3.  Dark  fundus  appearance  with  areas  of  fluorescein  transmis- 
sion in  the  fovea  and  posterior  pole  of  a  patient  with  Stargardt's  Disease. 


FIGURE  4.   Subretinal  neovascularization  in  a  patient  with  presumed 
ocular  histoplasmosis  syndrome. 


prevented.  Therefore,  research  on  macular  diseases 
must  take  advantage  of  new  opportunities  for 
learning  about  basic  disease  mechanisms.  Many  of 
these  opportunities  are  closely  related  to,  and  are 
derived  from,  other  research  on  the  retina,  the 
retinal  pigment  epithelium,  and  the  choroid  (see 
Chapter  1,  "Diabetic  Retinopathy,  Sickle  Cell  Reti- 
nopathy, and  Other  Vascular  Abnormalities;"  Chap- 
ter 8,  "Retinal  Pigment  Epithelium;"  and  Chapter 
9).  Of  particular  importance  is  research  on  the 
metabolic  and  functional  interrelationships  of  these 
tissues  and  the  changes  that  occur  during  the  aging 
process.  Research  on  the  mechanisms  that  control 
new  blood  vessel  growth  is  another  important  cross- 
cutting  area  of  investigation  (see  Chapter  1),  as  is 
research  on  the  effects  of  age,  light,  and  oxidative 


and  other  metabolic  processes  on  the  functional 
integrity  of  the  macula  (see  Chapter  8  and  Chapter 
9). 


SUBPROGRAM 
OBJECTIVES 


To  understand  the  metabolic  and  functional 
interrelationships  among  the  macula,  the  retinal 
pigment  epithelium,  and  the  choroid  in  the 
normal  and  diseased  state. 

To  determine  the  causes  for  subretinal  neovascu- 
larization, macular  degeneration,  and  macular 
edema. 

To  determine  the  natural  course  of  macular 
diseases,  to  improve  diagnosis  and  treatment,  and 
to  find  means  of  prevention. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

During  FY  1981,  the  National  Eye  Institute  funded 
18  grants  for  research  in  macular  disease  at  a  total 
cost  of  $1,418,000.  This  included  13  grants  (involv- 
ing 12  clinics)  for  the  conduct  of  the  Macular 
Photocoagulation  Study  (MPS). 

The  objective  of  the  MPS  is  to  evaluate  the 
usefulness  of  argon  laser  photocoagulation  in  the 
treatment  of  aging-related  maculopathy  and  the 
presumed  ocular  histoplasmosis  syndrome,  and  the 
documentation  of  the  natural  history  of  both  dis- 
eases. Specifically,  the  study  is  intended  to  deter- 
mine whether  use  of  the  laser  to  obliterate  extra- 
foveal  choroidal  neovascular  membranes  preserves 
visual  acuity  in  eyes  affected  by  one  or  the  other  of 
the  diseases.  Recruitment  of  new  patients  in  the 
Senile  Macular  Degeneration  Study  (SMDS)  part  of 
the  MPS  has  recently  been  terminated  because  of  a 
positive  treatment  effect  (see  Introduction  and 
Accomplishments).  Follow-up  of  all  SMDS  patients 
will  continue  in  order  to  determine  the  long-term 
results.  The  natural  history  study  and  investigation 
of  the  presumed  ocular  histoplasmosis  syndrome 
continue. 

The  remaining  8  grants  in  this  subprogram  were 
for  basic  research  on  macular  edema,  animal  models 
of  macular  disease,  and  noninvasive  evaluations  of 
macular  function. 

Also  of  relevance  to  research  in  macular  degener- 
ation were  6  NEI  grants  in  the  Diabetic  Retinopa- 
thy, Sickle  Cell  Retinopathy,  and  Other  Vascular 
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Abnormalities  subprogram  that  supported  the 
Branch  Vein  Occlusion  Study  (see  Chapter  1).  This 
is  an  ongoing  multicenter  randomized  controlled 
clinical  trial  with  the  objective  of  determining  if 
laser  photocoagulation  is  useful  in  the  management 
of  branch  vein  occlusion  complications  (neovascu- 
larization, vitreous  hemorrhage,  and  macular 
edema). 


RECENT 
ACCOMPLISHMENTS 

The  Macular  Photocoagulation  Study,  begun  in 
1979,  supports  multicenter  natural  history  studies 
and  controlled  clinical  trials  to  test  the  efficacy  of 
argon  laser  photocoagulation  therapy  in  the  treat- 
ment of  two  macular  diseases:  (1)  aging-related 
maculopathy  (Senile  Macular  Degneration  Study) 
and  (2)  the  presumed  ocular  histoplasmosis  syn- 
drome. Patient  recruitment  in  the  SMDS  was 
terminated  in  the  third  year  of  the  projected  five 
year  trial  because,  after  18  months  of  follow-up,  25 
percent  of  treated  eyes,  compared  to  60  percent  of 
untreated  eyes,  had  experienced  severe  visual  loss. 2 
Follow-up  of  all  SMDS  patients  will  continue  in 
order  to  determine  the  long-term  results  of  treat- 
ment. 

The  eligibility  criteria  for  the  SMDS  included 
drusen,  angiographic  evidence  of  a  chroroidal  neo- 
vascular  membrane  200  to  2,500  |xm  from  the  center 
of  the  foveal  avascular  zone,  and  a  visual  acuity  of 
20/100  or  better.  The  SMDS  results  do  not  apply  to 
the  more  common  dry  (drusenoid)  form  of  the 
disease,  nor  to  eyes  with  neovascular  membranes 
within  200  jum  of  the  center  of  the  foveal  avascular 
zone — these  manifestations  were  not  studied. 

Based  on  these  results,  it  can  be  estimated  that 
over  the  next  decade,  with  prompt  laser  treatment, 
130,000  people  with  the  neovascular  form  of  aging- 
related  maculopathy  could  be  permanently  or  tem- 
porarily saved  from  going  blind.  And  an  estimated 
1.2  million  more  may  be  spared  lesser  degrees  of 
visual  impairment. 

Notable  progress  has  also  been  made  over  the  last 
several  years  in  understanding  the  basic  mechanisms 
of  macular  disease.  Ultrastructural  and  tracer  stud- 
ies of  the  retinal  pigment  epithelium-Bruch's  mem- 
brane-choriocapillaris  complex  indicate  that  a  me- 
chanical barrier  to  passive  molecular  transport  exists 
at  the  level  of  the  zonula  occludens  of  the  retinal 
pigment  epithelium. 3  Serous  detachments  of  retinal 
pigment  epithelium  and  sensory  retina  have  been 
produced  in  the  rabbit  by  transcleral,  subretinal 
injection  of  collagenase  and  hyaluronidase. 4  This 
technique  has  been  adapted  to  primates  in  an  effort 
to  produce  chemical   and   mechanical  damage  to 


Bruch's  membrane  or  the  retinal  pigment  epithelium 
in  the  macular  region,  allowing  proliferation  of 
choroidal  neovascularization  into  the  potential  sub- 
retinal  space  created  by  serous  detachment. 5 

A  reproducible  model  of  subretinal  neovasculari- 
zation, developed  in  the  Macacca  speciosa  (stump-tail 
monkey),  offers  new  opportunities  for  the  study  of 
disciform  macular  degeneration. 5  Ischemia,  hemor- 
rhage, locale  (the  macular  region  versus  the  periph- 
ery), and  other  factors  which  may  relate  to  the 
development  and  evaluation  of  subretinal  neovascu- 
larization can  be  evaluated  with  this  model. 

In  addition,  several  free-ranging  groups  of  rhesus 
monkeys  (Macacca  mulatto)  have  been  studied  to 
collect  information  on  aging  of  the  eye  and  the 
joints  of  a  subhuman  primate  species. 6  In  the  course 
of  this  investigation,  an  interesting  retinal  degenera- 
tion was  discovered  in  which  two  types  of  anoma- 
lies were  noted:  (1)  a  macular  pigmentary  disorder 
showing  various  degrees  of  irregularity  in  the 
distribution  and  intensity  of  pigmentation,  for  exam- 
ple, a  stippling  and  mottling  that  resembles  the 
pigment  changes  in  human  macular  degeneration, 
and  (2)  multiple  discrete  small  whitish  spots,  clus- 
tered mainly  in  the  paramacular  area  but  occurring 
occasionally  within  the  macula  and,  less  frequently, 
in  the  periphery. 

Recently,  through  clinicopathologic  correlation, 
it  has  been  learned  that  the  changes  in  Stargardt's 
disease  are  due  to  the  accumulation  of  excess 
amounts  of  lipofuscin-like  material  in  the  retinal 
pigment  epithelium. 7 

Ultrastructural  studies  of  English  setters  with 
inherited  ceroid  lipofuscinosis  have  shown  accumu- 
lation of  abnormal  cytosomes  within  neurons  and 
retinal  pigment  epithelial  cells. 8  These  cellular 
abnormalities  may  be  related  to  deficiencies  of 
peroxidase  and  defects  of  lipid  peroxidation, 
changes  which  are  similar  in  many  respects  to  those 
reported  in  humans  with  Batten's  disease;  thus,  this 
animal   may  be  a  useful  model  of  this  disorder. 

Pigment  epithelial  dystrophy  in  the  dog  apparent- 
ly may  be  inherited  as  an  autosomal  dominant  trait 
and  offers  another  available  animal  model  for  the 
study  of  hereditary  retinal  degenerations. 9 

Malignant  tumors  can  produce  a  substance  that 
induces  the  formation  of  new  blood  vessels. 10 
Investigators  suspect  that  there  may  be  a  compara- 
ble mechanism  in  the  production  of  retinal  and 
choroidal   neovascularization1112  (see  Chapter    1). 

Epidemiological  studies  of  macular  disease  are 
gaining  in  importance  as  an  avenue  of  investigation. 
Blindness  registries,13"15  case-control  studies,  1G~18 
and  population  based  studies19"21  have  provided 
some  data  concerning  aging-related  maculopathy. 
The  Framingham  Eye  Study  19  found  aging-related 
maculopathy  to  be  more  prevalent  in  women  than  in 
men,  but  a  recent  analysis  of  these  data22  and  an 
analysis  of  data  from  the  first  National  Health  and 
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Nutrition  Survey23  indicate  that  women  do  not 
have  an  excess  risk  of  developing  aging-related 
maculopathy.  Case-control  studies  have  all  shown 
an  association  between  aging-related  maculopathy 
and  hyperopia.16"18  A  family  history  of  aging- 
related  maculopathy  has  been  identified  as  a  risk 
factor, 16  an  observation  that  also  has  been  made  in  a 
number  of  clinical  reports.  The  Framingham  Eye 
Study  found  a  positive  association  between  aging- 
related  maculopathy  and  hypertension,  history  of 
prior  lung  infection  and  other  variables.  Because  of 
the  large  number  of  variables  (667)  included  in  that 
study,  however,  it  is  likely  that  some  of  these 
associations  are  due  to  chance  alone.  Evidence  for 
and  against  these  possible  associations  has  recently 
been  reviewed. 24 

Preliminary  epidemiologic  studies  have  suggested 
that  histoplasmosis  may  be  the  second  leading  cause 
of  visual  loss  in  people  under  the  age  of  50  who  live 
in  an  endemic  area  in  which  some  75  million  people 
reside.  Patients  with  histoplasmosis  usually  lose 
visual  acuity  due  to  the  consequences  of  a  neovascu- 
lar  membrane  in  the  macula. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

Subretinal  neovascularization  and  its  disastrous  se- 
quelae (the  disciform  response)  are  a  common 
denominator  in  many  macular  disease  processes, 
including  aging-related  maculopathy,  the  presumed 
ocular  histoplasmosis  syndrome,  angioid  streaks, 
and  high  degrees  of  myopia.  There  is  an  urgent  need 
to  understand  what  causes  and  controls  the  abnor- 
mal growth  of  new  choroidal  blood  vessels  and, 
ultimately,  to  determine  what  can  be  done  to 
prevent  it  from  occurring.  Although  the  aging 
process  is  implicated,  the  abnormalities  in  Bruch's 
membrane  and  the  retinal  pigment  epithelium  which 
enable  blood  vessels  from  the  choroid  to  grow 
inward  beneath  the  macula  have  no  known  cause. 
Biochemical  and  anatomic  studies  should  be  expand- 
ed to  identify  the  changes  occurring  with  age  in  this 
complex.  There  is  a  remarkable  difference  between 
white  and  black  patients  in  the  incidence  of  macular 
detachment  from  a  wide  variety  of  causes.  Some 
effort  should  be  made  to  determine  whether  there 
are  structural  or  other  changes  in  the  macula  that 
protect  black  people  from  macular  detachment  and 
choroidal  neovascularization. 

Information  is  needed  about  the  basis  of  retinal 
pigment  epithelium  proliferation,  abnormal  collagen 
synthesis,  and  pigment  migration  which  is  frequent- 
ly seen  in  macular  disease.  The  role  of  the  retinal 
pigment  epithelium  in  the  metabolism  of  Bruch's 
membrane,  and  the  composition  and  mechanism  for 


the  formation  of  drusen,  must  be  elucidated.  Tissue 
culture  systems  for  study  of  normal  and  diseased 
human  retinal  pigment  epithelium  should  be  im- 
proved and  used  to  seek  biochemical  and  metabolic 
defects. 

Experimental  animal  models  of  macular  disease, 
particularly  primate  models,5-25  should  continue  to 
be  developed.  The  evaluation  of  proposed  factors 
and  hypotheses  for  the  genesis  of  subretinal  neovas- 
cularization and  the  disciform  response  is  but  one 
area  where  the  use  of  animal  models  could  provide 
new  routes  of  investigation. 

The  search  for  extracellular  factors  which  modu- 
late angiogenesis1112  (see  Chapter  1)  is  another 
important  area  for  investigation.  Purification  and 
characterization  of  these  postulated  factors  should 
receive  high  priority  as  should  testing  of  these 
substances  in  appropriate  experimental  models  of 
subretinal  neovascularization. 

Epidemiological  studies  are  needed  of  patients 
with  aging-related  maculopathy  (and  other  macular 
diseases)  and  age,  race,  and  sex-matched  controls 
who  do  not  have  the  disease  are  needed  to  identify 
possible  risk  factors  for  the  disease.  Such  factors  as 
hair  and  eye  color,  cell  surface  antigens  (the  HLA- 
B7  and  DRW  antigens  and  other  markers),  light 
exposure,  occupational  history,  diet,  and  the  history 
of  other  ocular  and  systemic  disease  might  be 
revealing. 26,27  Biochemical  studies  could  be  initiated 
using  skin  biopsies  for  growth  of  fibroblast  cells 
from  aging-related  maculopathy  patients  and  con- 
trols. 

Retinal  pigment  epithelium  and  retinal  capillary 
epithelium  barrier  and  directional  transport  proper- 
ties are  another  area  of  opportunity  (see  Chapter  8). 
Studies  are  needed  on  the  mechanisms  for  fluid 
transport  across  the  retinal  pigment  epithelium  and 
on  the  pharmacologic  modulation  of  this  transport. 
More  information  is  needed  about  how  retinal 
pigment  epithelium  tight  junctions  are  formed  and 
maintained  and  whether  the  striking  asymmetries  in 
the  distribution  of  ionic  pumps  and  surface  mem- 
brane components  are  affected  by  macular  disease 
processes.  These  studies  would  be  directly  relevant 
to  understanding  such  clinical  problems  as  rhegma- 
togenous  detachment,  secondary  exudative  detach- 
ment, central  serous  choroidopathy,  cystoid  macu- 
lar edema,  and  other  macular  conditions. 

The  relationships  between  light,  natural  antioxi- 
dants (for  example,  selenium  and  vitamin  E),  lipo- 
fuscin,  and  aging  should  continue  to  be  explored. 
Although  speculative,  this  hypothesis  for  retinal 
light  damage  may  offer  a  clue  to  the  pathogenesis  of 
macular  degeneration  and  should  be  rigorously 
investigated  (see  Chapter  8  and  Chapter  9). 

The  basis  for  the  predisposition  of  the  macular 
region  to  various  degenerative  changes  is  not  at  all 
clear.  There  are  many  anatomical  specializations  in 
the  macular  region,  such  as  a  very  high  density  of 
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cones  with  elongated  outer  segments  and  a  capil- 
lary-free area.  These  architectural  modifications 
undoubtedly  contribute  to  the  acute  vision  charac- 
teristic of  the  primate  macula.  But  what  are  the 
physiological  and  metabolic  consequences  of  this 
specialization?  A  critical  comparison  of  differences 
betwen  the  central  and  peripheral  retina  may  pro- 
vide clues  to  the  susceptibility  of  the  macular  region 
to  disease  (see  Chapter  8,  Chapter  9,  and  Chapter 
10).  Additionally,  the  effect  which  the  macular 
yellow  pigment  has  on  visual  perception  and  its 
possible  role  in  protecting  the  macula  against  photic 
damage  need  to  be  investigated. 

Improved  noninvasive  psychophysical  and  elec- 
trophysiological tests  of  macular  function  are 
needed  (see  Chapter  4,  "Developmental  and  Heredi- 
tary Disorders"  and  Chapter  13,  "Noninvasive 
Techniques  in  the  Study  of  Retinal  Disorders")  to 
improve  the  detection  of  early  defects  in  macular 
vision,  particularly  those  that  are  harbingers  of  the 
more  destructive  types  of  macular  disease.  Noninva- 
sive tests  of  macular  function  should  also  be  of 
value  in  evaluating  therapies,  in  establishing  the 
natural  history  of  macular  diseases,  and  in  assessing 
drug  toxicity. 

Clinicopathologic  correlations  are  needed  on 
postmortem  ocular  tissues  from  patients  with  well- 
documented  macular  disease,  particularly  from  the 
early  stages  of  the  disease.  Coordinated  studies 
utilizing  biochemical,  tissue  culture,  and  other  ad- 
vanced techniques  should  be  conducted. 

Because  of  the  possibility  that  the  treatment  will 
result  in  permanent  visual  acuity  loss,  argon  laser 
photocoagulation  cannot  be  considered  for  therapy 
in  patients  with  aging-related  maculopathy  accom- 
panied by  neovascular  membranes  within  200  u.m  of 
the  foveal  avascular  zone.  Other  wavelengths  of 
light,  produced  by  the  krypton  laser  for  example, 28 
may  offer  potential  advantages  in  this  regard  and 
should  be  evaluated  by  means  of  randomized  con- 
trolled clinical  trials. 


RECOMMENDATIONS 


Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Macular  Degeneration,"  the 
Panel  has  made  the  following  recommendations 
concerning  research  in  this  subprogram  over  the 
next  five  years.  These  have  been  grouped  under  two 
headings:  Program  Base  and  Program  Development 
Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which    there   may   be   great    need    for   additional 


activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research    grants   in   these   areas   are   forthcoming. 

Program  Base 

■  Continue  follow-up  of  patients  in  the  Macular 
Photocoagulation  Study  and  conduct  other  ran- 
domized controlled  clinical  trials  to  evaluate 
treatments  for  macular  disease. 

■  Develop  noninvasive  techniques  to  improve  the 
detection  of  early  defects  in  macular  function,  to 
evaluate  therapies,  to  document  the  natural  histo- 
ry of  macular  disease,  and  to  assess  drug  toxicity 
(see  Chapters  5,  7,  and  13). 

Program  Development  Priorities 

■  Expand  biochemical  and  anatomical  studies  of 
Bruch's  membrane,  the  retinal  pigment  epitheli- 
um, the  retina,  and  the  choroid  to  identify 
macular  changes,  particularly  aging-related, 
which  may  contribute  to  subretinal  neovasculari- 
zation and  other  macular  disease  processes  (see 
Chapter  8). 

■  Expand  studies  of  the  role  of  the  barrier  and 
transport  properties  of  the  retinal  pigment  epithe- 
lium and  the  retinal  capillary  endothelium  in 
cystoid  macular  edema,  central  serous  choroidop- 
athy, and  other  macular  diseases  (see  Chapter  8). 

■  Initiate  epidemiologic  studies  of  macular  diseases 
to  identify  possible  causative,  protective,  or 
aggravating  factors. 

■  Search  for  and  characterize  extracellular  factors 
that  may  initiate  or  modulate  subretinal  neovas- 
cularization. 

■  Develop  experimental  animal  models  of  macular 
disease  for  research  on  pathogenesis  and  for 
treatment  evaluation. 
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H  "P  ^»OT  TT?  r^"P  potential   for   future   development,   the   Panel   has 

estimated  the  number  of  projects  it  believes  are 

x\.t/(^Ull\.xiM.t!,^l  lb  needed  to  carry  out  its  recommendations  in  FY 

1983.  These  estimates  are  shown  in  the  table  on  the 

After  reviewing  current  research  grant  support  in        following  page.  For  a  discussion  of  the  general  basis 

each  of  these  categories  and  assessing  the  need  and  and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 

MACULAR  DEGENERATION 

No.  of  Grants                     Panel  Recommendation  FY  83 
FY  1981 Add.  Grants Total  Grants 

Program  Base 

A.  Continue  the  Macular  Photocoagulation  Study  and  13*  0  13 
conduct  other  clinical  trials  to  evaluate  treatments  for 

macular  disease. 

B.  Develop  noninvasive  techniques  to  improve  detection  2  1  3 
of  early  defects  in  macular  function,  evaluate 

therapies,  document  natural  history,  assess  drug 
toxicity. 

Program  Development  Priorities 

A.  Expand  biochemical  and  anatomic  studies  of  Bruch's  0  5  5 
membrane,  the  pigment  epithelium  and  choroid  to 

identify  changes  in  macular  diseases. 

B.  Expand  studies  on  the  barrier  and  transport  properties  2  2  4 
of  the  RPE  and  capillary  endothelium  in  macular 

diseases. 

C.  Initiate  epidemiologic  studies  of  macular  diseases  to  0  4  4 
identify  possible  causative,  protective,  and  aggravating 

factors. 

D.  Search  for  and  characterize  extracellular  factors  that 
may  initiate  or  modulate  subretinal  neovascularization. 

E.  Develop  experimental  animal  models  of  macular 
disease. 

Subtotal  Grants 
(%  of  Program) 

Total  Estimated  Cost 


0 

2 

2 

1 

2 

3 

18 

16 

34 

(5) 

(14) 

(7) 

$1,418,000 

$2,152,000 

$3,570,000 

•Includes  13  grants  for  the  multicenter  Macular 
Photocoagulation  Study. 


82 


Degenerative  Disorders  of  the  Retina 


5.  Macular  Degeneration 


REFERENCES 

1.  Westat,  Inc:  Summary  and  Critique  of  Available 
Data  on  the  Prevalence  and  Economic  and  Social 
Costs  of  Visual  Disorders  and  Disabilities.  Rockville, 
MD,  1976. 

2.  Argon  laser  photocoagulation  for  senile  macular 
degeneration.  Arch  Ophthalmol  100:912-918,  1982. 

3.  Peyman  G,  Spitznas  M,  Straatsma  B:  Peroxidase 
diffusion  in  the  normal  and  photocoagulated  retina. 
Invest  Ophthalmol  Vis  Sci  10:181-189,  1971. 

4.  Norton  A,  Pihlaja  D,  Miller  S:  Experimental 
disciform  serous  retinal  detachment:  II.  Autoradi- 
ography of  photoreceptor  protein  metabolism.  Arch 
Ophthalmol  91:474-480,  1974. 

5.  Ryan  S:  The  development  of  an  experimental 
model  of  subretinal  neovascularization  in  disciform 
macular  degeneration.  Trans  Am  Ophthalmol  Soc 
77:707-745,  1979. 

6.  El-Mofty  A,  Gouras  P,  Eisner  G,  et  al:  Macular 
degeneration  in  rhesus  monkey  (Macaca  mulatto). 
Exp  Eye  Res  27:499-502,  1978. 

7.  Eagle  R,  Lucier  A,  Bernardino  V  Jr,  et  al:  Retinal 
pigment  epithelial  abnormalities  in  fundus  flavimac- 
ulatus:  A  light  and  electron  microscopic  study. 
Ophthalmology  87:1189-1200,  1980. 

8.  Neville  H,  Armstrong  D,  Wilson  B,  et  al:  Studies 
on  the  retina  and  the  pigment  epithelium  in 
hereditary  canine  ceroid  lipofuscinosis:  III.  Mor- 
phologic abnormalities  in  retinal  neurons  and  reti- 
nal pigmented  epithelial  cells.  Invest  Ophthalmol  Vis 
Sci  19:75-86,  1980. 

9.  Aguirre  G,  Laties  A:  Pigment  epithelial  dystrophy 
in  the  dog.  Exp  Eye  Res  23:247-256,  1976. 

10.  Folkman  J:  Tumor  angiogenesis  factor.  Cancer  Res 
34:2109-2113,  1973. 

11.  Glaser  B,  D'Amore  P,  Michels  R,  et  al:  Demonstra- 
tion of  angiogenic  activity  from  ocular  tissues. 
Ophthalmology  87:440-446,  1980. 

12.  Federman  J,  Brown  G,  Felberg  N,  et  al:  Experi- 
mental ocular  angiogenesis.  Am  J  Ophthalmol 
89:231-237,  1980. 

13.  Sorsky  A:  Report  on  Public  Health  and  Medical 
Subjects.  London,  Her  Majesty's  Stationery  Office, 
1966,  No  114. 


14.  Kahn  H,  Moorhead  H:  Statistics  on  Blindness  in  the 
Model  Reporting  Area,  1969-1970.  US  DHEW  Publ 
No  NIH  73:427,  Washington,  DC,  1973. 

15.  MacDonald  AE:  Causes  of  blindness  in  Canada. 
Canad  Med  Ass  J  92:264-279,  1965. 

16.  Hyman  LG:  Senile  Macular  Degeneration:  An  Epide- 
miologic Case  Control  Study,  thesis.  The  Johns 
Hopkins  University,  Baltimore,  1981. 

17.  Delaney  W,  Oates  R:  Senile  macular  degeneration: 
A  preliminary  study.  Ann  Ophthalmol  14:21-24, 
1982. 

18.  Maltman  BA,  Mulvihill  MN,  Greenbaum  A:  Senile 
macular  degeneration  and  risk  factors:  A  case 
control  study.  Ann  Ophthalmol  11:1197-1201,  1979. 

19.  Leibowitz  H,  et  al:  The  Framingham  Eye  Study 
Monograph.  Surv  Ophthalmol  24(suppl):  335-610, 
1980. 

20.  Kini  MM,  Leibowitz  HM,  Colton  T,  et  al:  Preva- 
lence of  senile  cataract,  diabetic  retinopathy,  senile 
macular  degeneration,  and  open-angle  glaucoma  in 
the  Framingham  Eye  Study.  Am  J  Ophthalmol 
85:28-34,  1978. 

21.  Ganley  J,  Roberts  J:  Eye  conditions  and  related 
need  for  medical  care  among  persons  1-74  years, 
United  States.  National  Center  for  Health  Statistics, 
Series  11,  No  228,  US  DHHS  Publ  No  (NCH)  82- 
1678,  Washington,  DC,  1971-1972. 

22.  Sperduto  R,  Siegel  D:  Senile  lens  and  macular 
changes  in  a  population  based  sample.  Am  J 
Ophthalmol  90:86-91,  1980. 

23.  Klein  B,  Klein  R:  Cataracts  and  macular  degenera- 
tion in  older  Americans.  Arch  Ophthalmol  100:571- 
573,  1982. 

24.  Ferris  FL:  Senile  macular  degeneration:  Review  of 
epidemiologic  features.  Am  J  Epidemiol,  in  press. 

25.  Vainisi  SJ,  Fishman  GA,  Wolf  ED,  et  al:  Cone-rod 
dystrophy  in  the  Guinea  baboon.  Trans  Am  Acad 
Ophthalmol  Otolaryngol  81(OP):725-730,  1976. 

26.  Godfrey  W,  Cross  D,  et  al:  HLA-B7  in  presumed 
ocular  histoplasmosis  maculopathy.  Transplant  Proc 
11:1874-1876,  1979. 

27.  Duquesnoy  RJ,  Amen  K,  Meredith  TA:  Associ- 
ation of  presumed  ocular  histoplasmosis  with 
HLA-B7  and  DRW-2.  Transplant  Proc  11:1877- 
1878,  1979. 

28.  Bird  AL,  Grey  RHB:  Photocoagulation  of  disci- 
form macular  lesions  with  krypton  laser.  Br  J 
Ophthalmol  63:669-673,  1979. 


83 


6 


RETINAL 
DETACHMENT 
AND  VITREOUS 
DISORDERS 

INTRODUCTION 


SEPARATION  OF  THE  neural  retina  from  the 
underlying  pigment  epithelium  constitutes  a  retinal 
detachment.  Detachments  usually  occur  because  of 
discontinuities  (breaks)  in  the  neural  retina  which 
may  appear  in  a  variety  of  forms,  including  retinal 
tears,  atrophic  retinal  holes,  giant  retinal  breaks 
extending  for  more  than  90  degrees,  and  operculat- 
ed  retinal  holes  where  a  plug  of  retina  has  been 
pulled  free  to  float  in  the  vitreous  body. 

According  to  1970-1974  data  from  a  national 
survey,  in  the  United  States  more  than  25,000  first 
visits  to  physicians  were  made  because  of  retinal 
detachment.  Although  a  detached  retina  can  be 
reattached  in  many  instances  and  varying  amounts 
of  vision  restored,  approximately  6,000  eyes  a  year 
suffer  irreparable  detachment  and  loss  of  vision.  To 
make  matters  worse,  when  a  nontraumatic  retinal 
detachment  occurs  in  one  eye,  a  retinal  break 
develops  in  the  fellow  eye  in  a  large  percentage  of 
cases.  u  2  The  result  is  a  great  loss  in  productivity 
and  earnings. 

Retinal  detachment  may  result  from  a  variety  of 
conditions.  It  occurs  following  1  of  every  50 
cataract  operations. 3  It  can  develop  as  a  result  of 
blood  vessel  disease  or  biochemical  disorders  and 
therefore  is  related  to  other  major  eye  and  systemic 
problems,  including  high  myopia,  diabetes,  ocular 
trauma,  and  a  variety  of  hereditary  and  congenital 
conditions.  Many  cases  of  blindness  in  patients  with 


diabetic  retinopathy,  for  example,  ultimately  result 
from  abnormal  cellular  proliferation,  contraction, 
and  traction  detachment  of  the  macula. 4 

The  vitreous  body,  a  transparent  gel  that  fills  the 
posterior  portion  of  the  eye,  plays  an  important  role 
in  the  development  of  retinal  detachment.  It  occu- 
pies approximately  80  percent  of  the  volume  of  the 
eye  and  normally  acts  as  an  internal  support  to  the 
eyeball.  Three  factors  may  cause  a  retinal  detach- 
ment: fluid  accumulation  under  the  retina  (Figure 
1);  abnormal  traction  on  the  retina  in  the  direction 
of  the  vitreous  cavity  (Figure  2);  and  tears  or  holes 
in  the  retina  which  permit  fluid  vitreous  to  flow  into 
the  subretinal  space,  thereby  floating  the  retina  off 
the  pigment  epithelium  (Figure  3).  The  most  fre- 
quent type  of  detachment  is  one  where  retinal 
breaks  coexist  with  a  variable  amount  of  vitreous 
traction. 

The  vitreous  gel  may  lose  its  transparency  as  a 
result  of  hemorrhage  from  blood  vessels  damaged 
by  injury  or  diseased  by  diabetes  and  other  vascular 
disorders.  Vitreous  hemorrhage  not  only  causes 
impairment  of  vision,  it  may  stimulate  inflammation, 
cellular  proliferation,  and  the  formation  of  vitreous 
membranes  which  may  contract  and  detach  the 
retina. 

Substantial  progress  has  been  made  in  the  ability 
to  diagnose  and  treat  vitreoretinal  disorders,  but 
ignorance  of  many  basic  cellular  and  molecular 
mechanisms  stands  in  the  way  of  major  break- 
throughs in  prevention  and  treatment.  The  funda- 
mental changes  which  cause  the  vitreous  to  become 
abnormal  are  unknown,  as  are  the  early  biochemical 
and  physiologic  changes  which  cause  retinal  detach- 
ment. 

Because  the  vitreous  is  transparent  and  the  retina 
is  readily  observable  by  optical  means,  these  struc- 
tures present  unparalleled  opportunities  for  research 
on  a  number  of  ocular  and  systemic  disorders. 
Membrane  formation,  blood  vessel  changes,  and 
tumor  growth  can  be  easily  studied  and  observed 
through  the  clear  cornea,  lens,  and  vitreous  body. 
For  example,  research  to  improve  examination 
techniques  in  retinal  detachment  is  relevant  to  the 
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Pigment  epithelium 
and  choroids 


Attached  retina 
Sclera 


FIGURE  1.  Fluid  accumulation  under  the  retina. 


FIGURE  2.  Abnormal  traction  on  the  retina. 


diagnosis  and  study  of  virtually  all  diseases  of  the 
retina,  choroid,  and  vitreous.  Investigation  of  the 
retina-blood  vessel  interface  is  also  important  to  the 
study  of  vascular  and  circulatory  abnormalities  that 
occur  in  other  parts  of  the  body  where  they  cannot 
be  observed  directly  or  as  easily.  Observations  of 
cellular  proliferation  and  membrane  formation  in 
the  vitreous  body  and  the  effects  of  various  agents 
on  them  may  be  applicable  to  abnormal  cellular 
proliferation  elsewhere  in  the  body. 


SUBPROGRAM 
OBJECTIVES 


To  understand  better  the  development,  structure, 
metabolism,  immunologic  properties,  and  func- 
tion of  the  normal  vitreous  body  and  the  changes 
that  occur  in  aging,  trauma,  and  disease. 

To  determine  the  causes  of  abnormal  cellular 
proliferation  in  the  vitreous  body  and  on  the 
surface  of  the  retina,  membrane  contraction,  and 
retinal  detachment. 

To  understand  the  mechanisms  by  which  the 
retina  remains  adhered  to  the  pigment  epithelium 
and  the  factors  that  contribute  to  retinal  detach- 
ment and  reattachment  (see  Chapter  8,  "Retinal 
Pigment  Epithelium"). 

To  find  ways  of  preventing  retinal  detachments 
and  to  develop  better  methods  for  diagnosing  and 
treating  vitreoretinal  disorders. 


Edge  of  torn  retina 


FIGURE  3.  Torn  retina. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

In  FY  1981,  the  National  Eye  Institute  supported 
research  on  the  vitreous  body  and  retinal  detach- 
ment through  18  research  grants  at  a  total  cost  of 
$1,722,000.  More  than  half  of  these  grants  supported 
basic  research  on  the  development,  structure,  and 
function  of  the  vitreous,  the  junction  between  the 
retina  and  vitreous,  and  the  physiologic  adhesion 
that  normally  maintains  retinal  attachment.  Of  the 
clinically  oriented  grants,  some  dealt  with  improve- 
ments in  instrumentation  and  techniques  of  vitrec- 
tomy and  retinal  detachment  surgery,  others  with 
the  effects  and  management  of  trauma  to  the 
vitreous.  Only  a  few  grants  supported  experimental 
studies  on  cellular  proliferation  and  traction  retinal 
detachment. 
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A  study  of  aging-related  changes  in  the  vitreous  is 
being  conducted  under  the  auspices  of  the  National 
Institute  on  Aging.  Other  research  in  this  field  is 
supported  by  the  Department  of  Defense  and  the 
Veterans  Administration.  Some  vitreous  research  is 
also  supported  by  grants  from  Fight  for  Sight,  Inc. 


RECENT 
ACCOMPLISHMENTS 


National  Eye  Institute  support  has  led  to  some 
striking  improvements  in  the  surgical  management 
of  retinal  detachment  and  vitreous  hemorrhage. 
Removal  of  vitreous  hemorrhage  by  vitrectomy 
results  in  improved  vision  in  more  than  60  percent 
of  eyes,  and  thus  has  been  one  of  the  most  dramatic 
and  major  breakthroughs  in  ocular  surgery  in  the 
past  decade. 5 

Significant  progress  has  been  made  in  restoring 
vision  in  patients  affected  with  retinal  detachment. 
Success  rates  for  the  usual  type  of  retinal  detach- 
ment surgery  have  improved  from  less  than  40 
percent  in  1947  to  more  than  85  percent  today. 6  In 
the  1940s,  the  average  hospital  stay  for  retinal 
detachment  was  four  weeks,  requiring  much  nursing 
care  because  the  patient  spent  most  of  the  time  in 
bed  with  both  eyes  patched  and  his  or  her  head 
immobilized  between  sandbags.  As  a  result  of 
improved  surgical  techniques,  patients  are  now 
allowed  out  of  bed  the  first  postoperative  day,  and 
the  hospital  stay  is  reduced  to  six  days,  so  that 
hospitalization   costs   have   been   greatly   reduced. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

Eighty-two  leading  vitreoretinal  surgeons  were  re- 
cently asked  to  name  the  most  pressing  problem  in 
their  field.  Seventy-six  cited  the  dreaded  complica- 
tions of  proliferative  vitreoretinopathy.  Little  direct 
research  on  this  problem  has  been  supported  by  the 
NEI;  thus  research  in  this  area  should  be  empha- 
sized if  the  most  visually  disabling  vitreoretinal 
disorders  are  ever  to  be  managed  better  or  prevent- 
ed. 


Vitreous  Body 

With  age  and  in  degenerative  conditions  such  as 
severe  myopia,  the  vitreous  gel  shrinks  and  becomes 
partially  liquefied.  Biochemical  studies  on  the 
normal  gel  state  should  be  continued  because  they 


provide  a  basis  for  studies  of  the  changes  associated 
with  gel  shrinkage,  liquefaction,  and  collapse,  which 
leads  to  posterior  vitreous  detachment.  Fundamen- 
tal knowledge  of  posterior  vitreous  detachment  is 
important  because  it  is  an  underlying  mechanism  in 
the  development  of  retinal  breaks,  which  cause 
retinal  detachment.  In  addition,  posterior  vitreous 
detachment  is  a  very  important  factor  in  the 
pathogenesis  of  diabetic  retinopathy.  The  detached 
vitreous  provides  a  scaffold  for  abnormal  blood 
vessels  to  grow  into  the  vitreous  cavity  and  later 
cause  vitreous  hemorrhage  and/or  traction  detach- 
ment of  the  macula.  7  Experimental  studies  of 
posterior  vitreous  detachment  must  be  conducted  to 
gain  insight  into  the  pathogenesis  of  this  condition 
which  has  great  implications  for  diabetic  retinopa- 
thy, rhegmatogenous  detachment,  and  traumatic 
retinal  detachment.  Diabetic  patients  who  develop 
spontaneous,  total  posterior  vitreous  separation  do 
not  develop  proliferative  retinopathy,  and  vitreous 
surgeons  have  argued  that  vitrectomy  fundamental- 
ly alters  the  course  of  the  retinopathy  by  mechani- 
cally inducing  vitreous  separation.  These  important 
observations   need   to  be   pursued   experimentally. 

Regeneration  of  hyaluronic  acid,  a  major  macro- 
molecular  component  of  the  vitreous  gel,  has  been 
demonstrated  in  the  liquid  vitreous  humor  of  the 
owl  monkey. 8  Very  little  is  known,  however,  about 
this  process  or  the  extent  to  which  vitreous  gel 
regenerates  in  humans.  Disorders  of  the  regenera- 
tive process  may  be  the  underlying  cause  of  some 
types  of  severe  vitreoretinal  pathology.  These  prob- 
lems should  be  pursued  with  gel  and  liquid  vitreous 
models  in  vivo  and  in  vitro  using  vitreous  cell  tissue 
culture  techniques. 

Inasmuch  as  the  vitreous  body  occupies  80 
percent  of  the  volume  of  the  eye  and  therefore 
interfaces  with  most  of  its  internal  structures,  studies 
of  the  permeability  and  interaction  of  the  vitreous 
body  with  the  optic  nerve,  lens,  retina,  and  ciliary 
body  are  very  important.  The  exact  way  in  which 
cells  and  molecules  from  the  blood  gain  entrance 
into  the  vitreous  gel  is  virtually  unknown.  This 
passage  of  cells  and  molecules  back  and  forth 
between  the  vitreous  and  the  retina  warrants  exten- 
sive study  with  reference  to  the  metabolism,  regen- 
eration, and  immunological  reaction  of  the  vitreous 
body,  and,  most  importantly,  in  the  delivery  of 
drugs  into  the  vitreous  gel. 

The  role  of  the  vitreous  body  in  ocular  inflamma- 
tory processes  is  poorly  understood.  Vitreous  cells 
could  play  an  important  role  in  the  immunological 
response  of  the  vitreous  body,  and  contribute  to  the 
persistence  of  uveitis.  Additional  research  in  this 
area  is  urgently  needed. 

The  most  feared  complication  of  any  intraocular 
operation  or  penetrating  injury  is  endophthalmitis, 
an  infection  involving  the  vitreous  body  and  other 
internal    structures    of   the    eye    (see    Chapter    2, 
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"Inflammatory  Disorders").  Until  recently,  most 
eyes  that  developed  endophthalmitis  were  lost. 
Preliminary  studies  indicate  that  the  most  effective 
treatment  is  the  injection  of  antibiotics  directly  into 
the  vitreous  cavity  and  the  removal  of  the  abscessed 
vitreous  tissue  by  vitrectomy. 9  However,  the  risks 
of  this  procedure  in  an  infected  eye  and  the  optimal 
dosage  of  intravitreous  antibiotics  are  not  fully 
established.  Furthermore,  antibiotics  injected  into 
the  vitreous  body  may  diffuse  directly  into  the 
neighboring  retina.  Because  they  have  profound 
chemical  and  metabolic  effects,  antibiotics  can  in 
certain  instances  poison  the  retina.  Thus,  it  is 
important  to  determine  the  proper  dosages  and  to 
test  by  both  functional  and  structural  analyses  the 
retinal  toxicity  of  different  antibiotics  injected  into 
the  vitreous  body  of  animals  (see  Chapter  2  and 
Chapter  7,  "Toxic  and  Environmental  Disorders"). 

It  is  likewise  important  to  test  the  efficacy  of 
particular  antibiotics,  alone  or  in  combination,  in 
combating  specific  types  of  vitreous  infections.  In 
addition,  the  effect  of  performing  vitrectomy  before 
beginning  drug  therapy  for  endophthalmitis  should 
continue  to  be  compared  with  drug  therapy  alone. 

An  additional  problem  to  be  investigated  further 
is  the  risk  of  sympathetic  ophthalmia  following 
vitrectomy  in  such  cases. 

Abnormal  blood  vessel  formation  within  the 
vitreous  body,  which  occurs  in  diabetic  retinopathy, 
sickle  cell  disease,  and  occlusion  of  retinal  veins 
often  leads  to  severe  vitreous  hemorrhage,  which 
itself  results  in  loss  of  vision  and  may  lead  to  further 
retinal  detachment  (see  Chapter  1,  "Diabetic  Reti- 
nopathy, Sickle  Cell  Retinopathy,  and  Other  Vascu- 
lar Abnormalities").  Abnormal  blood  vessel  forma- 
tion on  the  iris  (rubeosis)  can  cause  intractable, 
painful,  and  blinding  glaucoma.  Rubeosis  continues 
to  be  a  major  unsolved  complication  of  diabetic 
retinopathy  and  is  the  most  serious  complication  of 
vitreous  surgery  performed  on  diabetics. 10  Once  the 
factors  causing  abnormal  blood  vessel  formation 
have  been  established,  more  fruitful  research  can  be 
conducted  to  prevent  and  treat  this  condition. 
Biochemical  and  biopsy  studies  of  intraocular  fluids 
should  be  pursued  to  determine  their  ability  to 
stimulate  abnormal  blood  vessel  formation  in  the 
vitreous  and  on  the  iris.  u  Equally  important  are 
studies  to  ascertain  the  role  of  the  vitreous  and 
intraocular  fluids  in  inhibiting  abnormal  blood 
vessel  formation  within  the  eye  (see  Chapter  1  and 
Chapter  5,  "Macular  Degeneration"). 

Because  vitreous  hemorrhage  is  very  common  in 
diabetes,  sickle  cell  disease,  and  penetrating  ocular 
injuries,  research  in  this  area  is  important.  Patho- 
logical and  biochemical  studies  should  be  continued 
to  determine  the  role  of  vitreous  hemorrhage  in 
stimulating  inflammation  and  cellular  proliferation, 
and  in  causing  membrane  formation,  contraction, 


and  then  detachment  of  the  retina  and  ciliary  body, 
resulting  in  functional  loss  of  the  eye. 

Inasmuch  as  vitrectomy  is  of  value  in  treating 
vitreous  hemorrhage,  its  efficacy  in  other  condi- 
tions, such  as  corneal  and  macular  edema  following 
cataract  extraction,  low-grade  and  acute  inflamma- 
tion, and  penetrating  injuries,  needs  to  be  studied. 
Meaningful  clinical  investigation  of  such  applica- 
tions must  involve  a  sufficient  number  of  patients  to 
assure  significant  results.  Randomized  controlled 
clinical  trials  offer  the  optimal  approach.  Because  of 
the  relative  paucity  of  cases  in  a  single  center  and 
the  variations  in  cases  (for  example,  in  eye  injuries) 
it  may  be  necessary  to  pool  cases  from  several 
centers.  Thus,  a  feasible  alternative  may  be  to 
conduct  a  multicenter  collaborative  trial  with  em- 
phasis on  strict  research  protocols,  precise  statement 
and  measurement  of  clinical  conditions,  and  ad- 
vanced methods  of  data  collection  and  statistical 
analysis. 

Retinal  Detachment 

Major  advances  in  the  prevention  and  management 
of  retinal  detachment  require  additional  basic  re- 
search on  the  nature  and  strength  of  the  normal 
attachment  of  the  retina,  the  interface  between  the 
vitreous  and  retina,  and  studies  of  the  blood-retina 
barrier  (see  Chapter  8  and  Chapter  9,  "Photorecep- 
tors,   Visual    Pigments,    and    Phototransduction"). 

A  number  of  factors  are  suspected  of  contributing 
to  the  adhesive  forces  which  hold  the  retina  in 
place,  including  actin  filaments, 12  glycoconju- 
gates, 13  and  fluid  transport.  Additional  research  is 
necesssary  to  understand  better  the  structural  and 
metabolic  relationships  between  the  retina  and  the 
retinal  pigment  epithelium. 

Proliferative  vitreoretinopathy  continues  to  be 
the  most  common  cause  of  failure  of  retinal  detach- 
ment surgery. I4  Membranes  growing  on  the  surface 
and  beneath  the  retina  will  cause  a  retina  that  has 
been  successfully  reattached  by  surgery  to  redetach 
post-operatively.  Moreover,  less  than  one-fourth  of 
the  severe  cases  can  be  successfully  treated  with 
current  surgical  techniques.  Detailed  anatomical, 
biochemical,  and  physiological  information  is 
needed  about  the  vitreoretinal  interface  if  the  causes 
of  abnormal  vitreous  adhesion  and  shrinkage  are  to 
be  understood.  Research  is  desperately  needed  to 
determine  what  causes  the  formation  of  periretinal 
membranes  and  to  find  means  of  preventing  or 
controlling  this  growth.  The  search  for  pharmaco- 
logic agents  to  repress  these  rapid  cellular  prolifera- 
tions should  be  intensified  and  expanded. 

Abnormal  membranes  have  largely  been  treated 
by  mechanical  cutting  and  removal.  Vitreous  sur- 
gery instrumentation  and  microsurgical  techniques 
have  been  developed  to  a  highly  sophisticated  level, 
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making  it  possible  to  remove  or  peel  abnormal 
membranes  from  large  areas  but  not  from  the  entire 
surface  of  the  retina. 15  Although  much  progress  has 
been  made  in  the  development  of  instruments  for 
cutting  and  removing  diseased  or  opaque  vitreous, 
there  is  room  for  improvement.  Membranes  that 
develop  following  eye  injuries  can  be  tough  and 
difficult  to  cut,  and  thin  membranes  in  diabetic 
retinopathy  may  be  attached  to  very  weakened 
detached  retinas.  Instruments  that  fail  to  cut  these 
membranes  may  cause  serious  tears  in  the  retina. 16 
Safer,  more  efficient  methods  of  instrumentation  to 
cut  or  vaporize  these  membranes  are  therefore 
needed. "  In  addition,  new  methods  and  improved 
instrumentation  to  photocoagulate  or  cauterize 
blood  vessels  in  the  vitreous  and  on  the  iris  should 
be  developed. 

Retinal  breaks  currently  are  sealed  by  means  of  an 
adhesion  produced  with  heat  (diathermy),  freezing 
(cryotherapy),  or  light  energy  (photocoagulation). 
However,  along  with  their  sealing  effects,  these 
techniques  damage  associated  ocular  structures  to 
varying  degrees  and  have  varying  amounts  of 
adhesive  power. 1S  Further  experimental  studies  are 
necessary  to  compare  the  undesirable  side  effects 
and  the  binding  strength  of  the  chorioretinal  adhe- 
sions produced  by  diathermy,  cryotherapy,  and 
photocoagulation.  Recent  research  suggests  that 
some  retinal  breaks  can  be  sealed  using  scleral 
buckling  alone, 19  and  further  research  is  needed  to 
explore  these  possibilities.  If  the  need  for  cryothera- 
py, diathermy,  or  photocoagulation  could  be  elimi- 
nated,   so    would    their    undesirable    side    effects. 

Injection  of  air,  gases,  or  gels  such  as  hyaluronic 
acid,  into  the  vitreous  cavity  to  push  a  detached 
retina  into  place  has  proved  of  value  in  the 
management  of  severe  retinal  detachments. 20  Fur- 
ther studies  are  necessary  to  find  better  and  longer 
lasting  gases  and  more  permanent  gels,  which  will 
provide  a  more  durable  splinting  of  the  retina 
against  the  choroid  during  the  healing  period 
following  retinal  detachment  surgery. 

Improved  diagnostic  and  surgical  techniques  for 
managing  retinal  detachment  have  improved  the 
overall  success  rates  from  40  to  85  percent  in  the 
past  30  years.  However,  the  success  rate  is  not  so 
high  in  complex  cases  such  as  giant  retinal  breaks, 
diabetic  retinal  detachments,  or  in  retinal  detach- 
ment associated  with  hereditary  or  congenital  de- 
fects, severe  chorioretinal  degeneration,  or  high 
myopia.  The  factors  responsible  for  a  poor  progno- 
sis for  these  detachments  must  be  isolated  and 
investigated.  The  need  is  twofold  because,  unfortu- 
nately, these  severe  detachments  have  a  great 
tendency  to  develop  in  the  fellow  eye. 

Further  improvement  in  results  requires  an  in- 
crease in  basic  knowledge  of  these  retinal  detach- 
ments through  biochemical,  anatomical,  and  patho- 
logic investigations.  Detailed  clinical  investigations 


of  the  natural  history  of  the  involved  and  fellow  eye 
will  provide  insight  into  pathogenesis  and  therefore 
aid  in  the  early  detection  and  ultimate  prevention  of 
these  disabling  detachments.  In  addition,  improved 
understanding  of  natural  history  is  basic  to  the 
evaluation  of  new  treatments. 

Giant  retinal  breaks  continue  to  be  a  major 
challenge  in  the  field  of  retinal  detachment.  The 
roles  of  various  techniques  including  vitreous  im- 
plants and  injection,  suturing  of  the  retina,  pars 
plana  vitrectomy  and  open-sky  vitrectomy,  where 
the  cornea  is  temporarily  removed,  need  further 
evaluation. 21 

Optical  instrumentation  is  essential  for  diagnosing 
and  treating  retinal  detachments  and  vitreoretinal 
disorders.  Continued  research  on  optical  and  other 
imaging  methods  is  needed  to  enable  the  examina- 
tion of  the  vitreous  body  and  retina  in  much  greater 
detail. 22  Wide-angle  ophthalmoscopy  and  photogra- 
phy, infrared  and  monochromatic  methods, 23  holo- 
graphy, and  specular  microscopy  remain  among  the 
more  promising  noninvasive  techniques. 

Not  all  retinal  detachments  are  caused  by  holes  or 
tears  in  the  retina.  In  most  transudative  or  exudative 
retinal  detachments,  the  origin  of  fluid  that  accumu- 
lates under  the  retina  causing  it  to  detach  remains 
unknown.  Research  on  the  blood-retinal  barrier  and 
the  composition  and  transport  of  this  fluid  may  give 
new  insights  into  the  pathogenesis  and  treatment  of 
these  kinds  of  detachments. 

Retinal  and  choroidal  circulatory  deficiency  or 
disturbances  in  the  blood-retina  barrier  may  be  a 
common  denominator  in  many  patients  with  retinal 
detachment.  Therefore,  research  must  be  initiated  to 
determine  the  relationship  between  intraocular 
blood  circulation  and  retinal  detachment.  Methods 
to  measure  regional  circulatory  defects  in  the  living 
eye  should  be  developed  further  and  used  in  a 
prospective  study  of  eyes  that  are  thought  to  be  at 
risk  for  the  development  of  retinal  detachment. 
Since  more  than  15  million  persons  are  estimated  to 
have  retinal  breaks  without  detachment,  prospective 
studies  are  needed  on  the  pathogenesis  of  retinal 
detachment. 

Potential  benefits  to  be  realized  from  research  on 
prevention  include: 

•  Better    selection    of   cases    for    prophylactic 
treatment  by  surgery. 

•  Better  knowledge  of  predisposing  factors. 

•  Improved  knowledge  of  the  influence  of  circu- 
latory deficiencies  on  retinal  detachment. 

There  continues  to  be  a  great  need  for  animal 
models  in  retinal  detachment  research.  Animals 
known  to  be  predisposed  to  retinal  detachment, 
such  as  those  with  an  elongated  eyeball  found  in 
myopia,  should  be  acquired  and  bred.  A  model  of 
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vitreoretinal  membrane  shrinkage,  produced  by 
noninvasive  manipulations,  must  be  developed. 
Equally  important  are  studies  of  the  isolated  mam- 
malian eye  perfused  with  whole  blood  for  the  study 
of  circulatory  changes  in  the  retina  and  choroid. 
Research  on  the  influence  of  drugs  on  those  tissues, 
and  microscopic  observations  of  changes  brought 
about  by  chemical  or  traumatic  injuries  or  diseases 
of  the  choroid  and  retina  must  be  pursued. 


vitreous  body  and  its  cellular  elements  and  the 
changes  that  occur  in  aging,  trauma,  and  disease. 

Conduct  detailed  anatomical,  biochemical,  and 
physiological  studies  on  the  vitreoretinal  inter- 
face; studies  of  the  precise  way  in  which  cells  and 
molecules  from  the  circulatory  system  gain  en- 
trance to  the  vitreous  body;  and,  studies  of  the 
permeability  and  metabolic  interactions  of  the 
vitreous  body  with  adjacent  tissues,  particularly 
the  ciliary  body  and  lens. 


RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Retinal  Detachment  and  Vit- 
reous Disorders,"  the  Panel  has  made  the  following 
recommendations  concerning  research  in  this  sub- 
program over  the  next  five  years.  These  have  been 
grouped  under  two  headings:  Program  Base  and 
Program  Development  Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research   grants   in   these   areas   are   forthcoming. 


Program  Base 

■  Conduct  research  on  the  development,  structure, 
metabolism,  and  immunological  properties  of  the 


Program  Development  Priorities 

■  Expand  research  on  finding  the  cause  of  and 
preventing  abnormal  cellular  proliferation,  mem- 
brane formation,  contraction,  and  retinal  detach- 
ment; on  determining  the  roles  of  posterior 
vitreous  detachment  and  vitreous  hemorrhage  in 
retinal  detachment;  and  on  developing  animal 
models  for  research  in  this  area. 

■  Determine  the  mechanisms  by  which  the  retina 
remains  adhered  to  the  retinal  pigment  epitheli- 
um, the  factors  that  may  contribute  to  detach- 
ment, the  factors  which  may  maintain  and  en- 
hance the  viability  of  the  detached  retina,  and  the 
relationship  between  disturbances  in  the  blood- 
retinal  barrier  and  retinal  detachment  (see  Chap- 
ter 8). 

■  Improve  instrumentation  and  continue  to  develop 
and  evaluate  new  methods  for  the  diagnosis  and 
treatment  of  vitreoretinal  disorders  (see  Chapter 
13,  "Noninvasive  Techniques  in  the  Study  of 
Retinal  Disorders"). 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 


RETINAL  DETACHMENT  AND  VITREOUS  DISORDERS 


No.  of  Grants  Panel  Recommendation  FY  83 

FY  1981  Add.  Grants  Total  Grants 


Program  Base 

A.  Conduct  research  on  properties  of  the  vitreous  body  9  -  2  7 
and  changes  in  aging,  trauma,  and  disease. 

B.  Conduct  studies  on  the  vitreoretinal  interface.  1  1  2 
Program  Development  Priorities 

A.  Expand  research  on  abnormal  cellular  proliferation;  3  6  9 
posterior  vitreous  detachment  and  hemorrhage  in 

retinal  detachment;  developing  animal  models. 

B.  Determine  mechanisms  for  retinal  adherence  to  retinal  2  2  4 
pigment  epithelium  and  factors  to  enhance  the  viability 

of  the  detached  retina. 

C.  Improve  instrumentation  and  new  methods  for  3  2  5 
diagnosis  and  treatment  of  vitreoretinal  disorders. 

Subtotal  Grants  18  9  27 

(%  of  Program)  (5)  (8)  (5) 

Total  Estimated  Cost  $1,722,000  $1,113,000  $2,835,000 
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TOXIC  AND 
ENVIRONMEN- 
TAL DISORDERS 

INTRODUCTION 


THE  INCIDENCE  or  prevalence  of  toxic  and 
environmental  disorders  of  the  eye  is  difficult  to 
estimate.  Yet,  from  clinical  experience  and  pertinent 
research,  it  is  known  that  many  drugs,  chemicals, 
environmental  factors,  and  pollutants  can  damage 
the  eye. 

For  the  retina,  the  problem  of  toxicity  is  twofold. 
First,  in  its  susceptibility  to  toxic  agents  the  retina 
differs  from  all  other  tissues  of  the  body:  it  has 
special  nutritional  requirements  and  an  intricate  and 
delicately  balanced  physiology,  and  it  functions  in  a 
rigorously  controlled  environment,  which  has  a 
surprisingly  narrow  tolerance  for  change.  Thus,  a 
variety  of  agents,  acting  separately  or  at  times 
together,  can  severely  damage  the  retina,  although 
they  are  apparently  harmless  to  other  tissues.  For 
instance,  drugs  that  do  little  or  no  harm  elsewhere 
in  the  body  can  produce  a  retinal  degeneration. * 
Also,  the  retina  can  be  injured  by  exposure  to  levels 
of  ambient  light  too  weak  to  affect  any  other  tissue. 2 
Consequently,  the  only  system  that  can  predict  the 
effect  of  a  given  drug  or  environmental  hazard  on 
the  retina  is  the  retina  itself. 

Second,  current  studies  of  toxic  and  environmen- 
tal disorders  of  the  retina  and  choroid  are  inad- 
equate in  scope  and  quality.  As  a  general  rule,  they 
are  performed  not  by  vision  researchers,  but  by 
personnel  without  any  special  knowledge  of  the  eye. 
For  the  most  part,  these  studies  are  not  supported 
by  the  National  Eye  Institute. 


At  the  root  of  many  of  the  problems  surrounding 
retinal  toxicity  is  the  way  in  which  drugs  are 
developed.  In  the  United  States,  most  drug  testing  is 
done  by  individual  pharmaceutical  companies  or 
specialized  commercial  testing  laboratories.  Al- 
though it  is  true  that  the  eye  receives  more  attention 
today  than  it  did  in  the  past,  ocular  toxicity  testing 
is  still  inadequate;  pharmaceutical  companies  and 
testing  laboratories  usually  lack  the  necessary  in- 
house  expertise  in  ocular  physiology  and  pathology. 

When  drugs  are  developed  for  systemic  use,  the 
Food  and  Drug  Administration  requires  that  their 
potential  toxicity  to  the  eye  be  evaluated  before 
human  testing  begins.  However,  such  studies  vary 
widely  in  quality  and  often  are  superficial.  In 
fairness,  it  should  be  added  that  even  good  will  and 
substantial  scientific  attention  are  no  guarantees 
against  the  possibility  of  late  ocular  complications. 
Toxic  effects  on  the  eye  can  be  subtle  or  slow  to 
develop  and  thus  may  only  become  evident  some- 
time after  even  a  well-tested  drug  is  put  on  the 
market.  These  effects  may  not  be  recognized  for 
what  they  are,  even  by  an  eye  specialist  unless  he  or 
she  has  some  special  reason  for  suspicion.  Tests  such 
as  dark  adaptation,  electroretinography,  or  electro- 
oculography,  which  might  indicate  early  toxic 
effects,  are  not  routinely  performed.  Many  instances 
of  drug  toxicity  are  picked  up  through  reporting 
efforts  of  the  National  Registry  of  Drug  Induced 
Ocular  Side  Effects. 

The  situation  is  better  when  drugs  are  developed 
directly  for  use  in  ocular  therapy.  As  a  general  rule, 
those  who  undertake  this  work  have  greater  famil- 
iarity with  the  anatomy  and  physiology  of  the  eye, 
and  they  are  primarily  concerned  with  its  proper 
function. 

Environmental  pollutants  and  poisons  constitute 
yet  another  source  of  danger  to  the  eye.  For 
instance,  the  use  of  organophosphorus  derivatives 
for  pest  control  as  documented  by  Ishikawa 3  led  to 
thousands  of  cases  of  myopia  accompanied  by  toxic 
neuropathy  in  the  Saku  District  of  Japan.  Similarly, 
the  Japanese  have  also  experienced  a  widespread 
outbreak  of  optic  neuritis  and  peripheral  neuropathy 
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after  the  dumping  of  mercury  residue  into  Minamata 
Bay.4 


needs  presented  by  diverse  toxic  and  environmental 
disorders. 


SUBPROGRAM 
OBJECTIVES 


To  improve  the  scope  and  quality  of  clinical  and 
basic  research  relating  to  toxic  and  environmen- 
tal disorders  of  the  eye. 

To  gather  laboratory  and  clinical  information 
about  such  hazards  in  an  efficient  manner. 

To  disseminate  information  about  potential  haz- 
ards at  the  earliest  possible  moment,  thus  limiting 
exposure. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

Toxic  and  environmental  hazards  in  general  are  the 
concern  of  numerous  branches  of  government  and 
private  foundations  as  well  as  widely  differing 
segments  of  industry. 

As  a  general  rule,  the  hazards  from  sudden  bursts 
of  radiant  energy  have  commanded  the  greatest 
attention  and  are  the  most  thoroughly  investigated. 
Hazards  resulting  from  chronic  exposure  to  low 
levels  of  drugs  and  chemicals  have  received  the 
least  attention. 

In  FY  1981  the  National  Eye  Institute  supported 
two  projects  at  a  total  cost  of  $91,000  in  which 
research  on  the  toxic  and  environmental  disorders 
of  the  eye  was  a  primary  concern.  However, 
research  on  toxic  ocular  effects  was  included  within 
projects  supported  under  other  Retinal  and  Choroi- 
dal Diseases  subprograms  in  FY  1981.  These  studies 
concerned  the  retinal  toxicity  of  exogenous  chemi- 
cals, drugs,  and  various  intravenously  administered 
fluorescent  dyes  used  for  angiographic  diagnosis  of 
retinal  vascular  disorders.  In  addition,  the  NEI 
supported  eight  projects  in  other  programs  on  the 
adverse  effects  of  drugs  and  poisons  on  the  cornea, 
lens,  aqueous  outflow  channels,  and  optic  nerve. 
Intramural  studies  were  also  under  way  at  the 
National  Eye  Institute  on  possible  ocular  complica- 
tions of  anticancer  drugs  and  the  nature  of  drug 
metabolizing  and  detoxifying  enzymes  which  deter- 
mine the  fate  of  drugs  in  the  eye. 

Each  of  the  other  Panel  reports  in  this  National 
Plan  covering  the  National  Eye  Institute  disease 
programs  addresses  specific  problems  and  research 


RECENT 
ACCOMPLISHMENTS 

An  ever  widening  range  of  medications  are  entering 
the  pharmacopoeia:  drugs  to  control  the  rhythm  of 
the  heart  directed  at  individual  types  of  receptors, 
drugs  to  alter  mental  functions  based  on  their 
similarity  to  normally  occurring  neurotransmitters, 
and  drugs  to  control  the  spread  of  neoplasms 
through  disruption  of  cellular  organelles  such  as 
microtubules.  In  view  of  the  ubiquity  of  cellular 
receptors  and  neurotransmitters,  virtually  all  drugs 
administered  systemically  affect  many  organs.  In 
some  instances  toxicity  is  dose  related;  in  others  it  is 
idiosyncratic.  Sometimes  it  occurs  after  long  usage 
and  hence  can  be  puzzling  when  first  seen. 

Special  attention  needs  to  be  paid  to  the  potential 
of  anticancer  drugs  for  producing  ocular  toxicity. 
When  any  of  the  following  agents  are  used,  fre- 
quent, careful  ophthalmic  examination  is  mandatory. 

•  Vinca  alkaloids  (vincristine  and  vinblastine, 
for  example)  are  plant  alkaloids  known  to 
depolymerize  microtubules.  Their  use  is  asso- 
ciated with  a  range  of  ophthalmic  side  effects, 
including  ptosis,  ophthalmoplegia,  and  optic 
neuritis. 5  The  optic  neuritis  apparently  follows 
damage  to  retinal  ganglion  cells.  If  caught  in 
time,  symptoms  can  be  reversed  by  discontinu- 
ing the  drug. 

•  Tamoxifen,  a  triphenylethylene  anti-estrogen, 
has  been  reported  to  cause  macular  edema 
accompanied  by  small,  white,  intraretinal,  re- 
fractile  opacities.  * 7  A  mild  keratopathy  char- 
acterized by  whorl-like  superficial  opacities  is 
frequently  present.  In  one  patient,  widespread 
neurotoxicity,  including  hearing  loss,  was  also 
evident. 

•  Adriamycin,  daunomycin,  and  daunorubicin 
and  related  compounds  enhance  the  formation 
of  semiquinones.  Blurred  vision  has  been  re- 
ported in  patients  undergoing  chemotherapy 
with  these  drugs. 8  In  the  rat,  it  has  recently 
been  shown  that  adriamycin  can  cause  a 
degeneration  of  photoreceptors. 

Organic  solvents  such  as  benzene,  vinyl  benzene 
(styrene),  methyl  benzene  (toluene),  and  n-hexane 
are  widely  used  in  industry.  In  virtually  all  industri- 
al situations,  reasonable  safety  standards  have  been 
established.  Most  industrial  injuries  to  the  eye  result 
from  a  lapse  in  normal  procedure  or,  on  rare 
occasions,   failure   to   comprehend   a   risk. 9  More 
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dangerous  at  present  is  the  rapid  increase  of  solvent 
inhalation  as  a  form  of  drug  abuse.  Toxic  reaction  to 
paint  sniffing,  generally  of  toluene  vapors,  has 
become  increasingly  common  in  Mexico  and  the 
United  States.  Unfortunately,  toluene  is  neurotox- 
ic; 10  cerebellar  damage  is  common,  and  optic 
neuritis  has  been  reported  recently  as  well. 

Largely  as  the  result  of  the  work  of  Potts  and 
others,  the  ocular  toxicity  of  methanol  poisoning  is 
understood  reasonably  well,  and  some  treatments 
are  possible.  n  Further  research  on  the  management 
of  ocular  methanol  toxicity  seems  warranted  in 
view  of  the  possible  increase  in  its  production  to 
serve  as  an  alternative  to  or  extender  for  gasoline  in 
motor  vehicles. 

The  widespread  industrial  use  of  metals  and 
worldwide  dumping  of  metallic  compounds  has 
made  it  difficult  to  establish  an  association  between 
the  hazards  and  the  pathology  in  an  individual 
patient.  The  example  of  Minamata  disease — sensory 
disturbance,  impaired  hearing,  and  cerebellar  signs 
accompanied  by  visual  field  constriction — can  illus- 
trate this  problem. 4  Minamata  disease  was  brought 
about  by  an  industrial  discharge  of  methyl  mercury 
and  a  progressive  increase  in  toxin  concentration  as 
it  passed  up  the  food  chain  from  plankton,  to  fish,  to 
man.  Further,  because  the  disease  has  a  late  onset 
after  ingestion  of  the  toxin,  its  effects  only  became 
evident  a  long  time  after  the  original  pollutant 
discharge.  Had  large  numbers  of  people  not  been 
affected,  a  diagnosis  might  never  have  been  made. 

In  the  late  1960s  and  early  1970s,  when  confront- 
ed with  an  endemic  pocket  of  optic  neuritis, 
peripheral  neuropathy,  and  myopic  astigmatism  in 
the  Saku  district  of  Japan,  Ishikawa  and  Ohto  began 
a  broad  search  for  a  toxic  agent. 12  Finding  that  in 
some  respects  the  symptoms  were  reminiscent  of 
those  of  patients  who  had  been  treated  with 
organophosphorous  eyedrops  for  myasthenia  gravis, 
glaucoma,  strabismus,  or  amblyopia,  they  measured 
the  cholinesterase  activity  of  the  serum  (organo- 
phosphate  compounds  produce  an  intense  cholino- 
mimetric  response  by  reducing  cholinesterase  activi- 
ty) and  assayed  plasma  levels  of  organophosphorus 
derivatives.  The  serum  cholinesterase  level  was 
found  to  be  decreased  in  the  blood  of  most 
individuals  who  were  exposed,  and  was  inversely 
proportional    to    the    levels    of   organophosphate. 

It  has  long  been  realized  that  organophosphorus 
compounds  can  be  neurotoxic.  Now  it  seems  likely 
that  chronic  exposure  to  organophosphate  pesticides 
did  cause  myopia  in  children  of  school  age  in 
addition  to — or  separate  from — an  optic  neurop- 
athy. 13  Chronic  organophosphorus  intoxication 
serves  as  an  excellent  example  of  a  complex  interac- 
tion between  an  environmental  hazard  and  a  suscep- 
tibility that  is  both  age-  and  gene-related.  Thanks 
largely  to  the  excellent  studies  of  Ishikawa,  several 
key  elements  in  this  public  health  disaster  in  Japan 


associated  with  organophosphate  pesticide  use  have 
been  brought  to  light.  The  full  implication  of  the 
findings  has  yet  to  be  worked  out. 3 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

The  great  majority  of  toxic  and  environmental 
agents  that  affect  vision  do  so  by  damaging  the 
retina  and  optic  nerve  or  the  lens.  In  many 
instances,  for  example,  exposure  to  industrial  sol- 
vents, the  dangers  are  well  understood;  in  others, 
for  example,  exposure  to  drugs  such  as  the  pheno- 
thiazines,  the  dangers  are  only  partially  understood. 
In  all  instances,  precise  definition  of  risk  depends  on 
careful  studies  relating  exposure  to  the  incidence  of 
injury.  For  this  reason,  a  substantial  opportunity 
exists  to  apply  modern  case  control  epidemiological 
techniques  to  these  problems.  Moreover,  the  power 
of  these  methods,  if  properly  applied,  might  disclose 
relationships  that  at  present  can  only  be  suspected. 

In  the  laboratory,  several  major  initiatives  could 
be  undertaken.  For  instance,  in  the  evaluation  of  a 
drug's  potential  toxicity  to  the  eye,  it  is  very 
important  to  know  the  precise  biodistribution  of  the 
drug.  Powerful  new  techniques  such  as  whole  organ 
autoradiography  have  been  perfected,  and  these 
techniques  should  be  used  for  the  ocular  localization 
of  each  new  drug  proposed  for  ophthalmic  use. 
Likewise,  drug-related  changes  in  important  aspects 
of  ocular  physiology  such  as  regional  blood  flow 
and  tissue  metabolism  should  be  monitored.  More- 
over, advantage  should  be  taken  of  recent  progress 
in  organ  and  tissue  culture  of  the  retina  and  lens  for 
in  vitro  evaluation  of  the  toxicity  of  new  drugs  prior 
to  release  for  public  use. 

In  an  attempt  to  save  vision  threatened  by 
conditions  once  deemed  hopeless,  a  variety  of 
procedures,  including  vitreous  infusion  of  antibiotics 
for  endophthalmitis  and  vitrectomy  for  intravitreal 
hemorrhage,  have  entered  ophthalmic  practice. 14 
To  insure  that  the  benefits  sought  are  realized, 
careful  studies  are  needed  to  define  the  retinal 
toxicity  of  agents  introduced  into  the  vitreous 
cavity.  This  is  especially  important  in  the  treatment 
of  endophthalmitis  in  which  large  concentrations  of 
antibiotics  may  be  administered. 

Infection  by  organisms  usually  considered  nonvir- 
ulent  are  a  dreaded  complication  of  the  immune 
suppression  necessary  to  prepare  a  recipient  for  a 
tissue  transplant  or  to  treat  certain  forms  of  autoim- 
mune disease.  Immune  suppression — and  subsequent 
infection — also  occurs  as  a  side  effect  of  some  forms 
of  cancer  chemotherapy. 15  Less  commonly,  but  no 
less  dangerous,  such  infections  can  follow  prema- 
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ture  birth  or  occur  in  those  with  congenital  or 
acquired  immune  system  defects.  Whatever  the 
cause,  the  therapeutic  problem  is  much  the  same. 
The  eye  is  prominent  among  the  structures  at  risk. 
Such  infection  may  be  caused  by  fungi,  such  as 
Candida  or  Aspergillus,  parasites  such  as  Toxo- 
plasma gondii,  or  herpes  virus  or  cytomegalovirus 
(see  Chapter  2,  "Inflammatory  Disorders"  and 
Volume  Two,  Part  Three,  Report  of  the  Corneal 
Diseases  Panel,  Chapter  1,  "External  Ocular  Infec- 
tions and  Inflammatory  Disease").  Several  strategies 
have  been  devised  to  combat  ocular  infections  under 
these  circumstances,  including  special  antibiotics  or 
special  treatments  such  as  intravitreal  deposition  and 
transfer  enhancement  of  the  immune  mechanism.  In 
view  of  the  increasing  numbers  of  individuals  likely 
to  develop  such  infections,  further  research  in  these 
areas  should  be  encouraged. 


RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Toxic  and  Environmental 
Disorders,"  the  Panel  has  made  the  following 
recommendations  concerning  research  in  this  sub- 
program over  the  next  five  years.  These  have  been 
grouped  under  two  headings:  Program  Base  and 
Program  Development  Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 


Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research   grants   in   these   areas   are   forthcoming. 

Again,  it  should  be  noted  that  additional  recom- 
mendations pertaining  to  specific  studies  of  ocular 
toxicity  and  environmental  hazards  may  be  found 
within  the  reports  of  the  other  planning  panels. 

Program  Base 

■  Conduct  research  on  toxic  and  environmentally 
induced  disorders  of  the  eye,  with  an  emphasis  on 
both  epidemiological  studies  and  studies  which 
localize  the  cellular  sites  of  drug  action  and 
which    determine    the    mechanism    of   toxicity. 


Program  Development  Priority 

■  Develop  screening  systems  for  potential  ophthal- 
mic toxicity,  including  in  vivo  physiological  tests 
and    in    vitro    tests    of  cultured    ocular    tissue. 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 


96 


Degenerative  Disorders  of  the  Retina  7.  Toxic  and  Environmental  Disorders 


RESOURCE  TABLE 


TOXIC  AND  ENVIRONMENTAL  DISORDERS 


No.  of  Grants  Panel  Recommendation  FY  83 

FY  1981  Add.  Grants  Total  Grants 


Program  Base 

A.  Conduct  research  on  toxic  and  environmental  disorders  2  0  2 

of  the  eye. 

Program  Development  Priority 

A.  Develop  screening  systems  for  ophthalmic  toxicity.  0  2  2 

Subtotal  Grants  2  2  4 

(%  of  Program)  (1)  (2)  (1) 

Total  Estimated  Cost  $91,000  $329,000  $420,000 
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RETINAL 
PIGMENT 
EPITHELIUM 

INTRODUCTION 


THE  RETINAL  PIGMENT  epithelium  (RPE)  is  a 
specialized  monolayer  of  cells  interposed  between 
the  choroidal  capillaries  and  the  photoreceptors  of 
the  neurosensory  retina.  Because  the  RPE  controls 
the  exchange  of  materials  between  the  photorecep- 
tors and  their  blood  supply,  it  is  as  vital  to  the 
integrity  of  the  visual  process  as  the  photoreceptors 
themselves.  Indeed,  the  two  cell  types  usually  are 
considered  a  functional  unit. 

The  photoreceptors'  dependence  on  the  RPE 
stems  from  a  number  of  factors.  One  of  the  first  to 
be  recognized  is  the  role  played  by  the  RPE  in  the 
rhodopsin  cycle.  More  than  100  years  ago,  Kuhne 
showed  that  the  regeneration  of  visual  pigment  from 
its  bleached  photoproducts  required  the  presence  of 
the  RPE.  We  know  now  that,  with  the  aid  of 
specialized  transport  molecules  (retinol-binding  pro- 
teins), the  RPE  takes  up  vitamin  A  from  the  retina 
and  bloodstream,  esterifies  and  stores  it  internally, 
and  makes  it  available  to  the  visual  cells  to  replenish 
their  supply  of  photopigment. 

The  RPE  serves  also  as  a  barrier  between  the 
bloodstream  and  the  photoreceptors  (Figure  1).  By 
selectively  regulating  the  transport  of  metabolites  to 
and  from  the  visual  cells,  the  RPE  regulates  their 
environment.  By  virtue  of  the  cellular  processes 
with  which  it  envelops  the  light-sensitive  portions 
of  the  photoreceptors  (the  outer  segments),  the 
secretion  of  complex  molecules  called  mucopolysac- 
charides (glycosaminoglycans),  and  the  movement 
of  fluids    in    conjunction    with    its    ion    transport 


activities,  the  RPE  is  thought  to  create  some  of  the 
forces  that  cause  the  neurosensory  retina  to  remain 
in  its  proper  position.  The  RPE  absorbs  excess  light 
energy  that  is  not  trapped  by  the  photoreceptors 
themselves,  thereby  reducing  light  scatter  and  im- 
proving the  clarity  of  images.  Finally,  this  remark- 
able layer  of  cells,  in  addition  to  nurturing  the 
photoreceptors,  also  plays  a  central  role  in  keeping 
them  youthful  and  vigorous.  On  a  daily  basis,  it  eats 
and  digests  portions  of  the  photoreceptor  outer 
segments  that  are  discarded  with  the  rising  and 
setting  of  the  sun. 

If  any  of  these  functions  are  disturbed,  the 
photoreceptors  and  vision  are  adversely  affected. 
Thus,  it  would  not  be  surprising  if  the  RPE  were 
involved  in  a  wide  variety  of  ocular  diseases, 
including  hereditary  and  developmental  disorders, 
aging-related  degeneration,  circulatory  or  inflamma- 
tory disease,  retinal  detachment,  and  light-  and 
drug-induced  retinopathy. 

The  basal  surface  of  the  RPE  rests  against  a 
fibroelastic  membrane  called  Bruch's  membrane, 
which  is  itself  interposed  between  the  choroidal 
capillary  bed  and  the  RPE.  Bruch's  membrane  is  a 
complex  layer  of  collagen  and  elastic  fibers  embed- 
ded in  a  matrix. *  The  pigment  epithelium  contrib- 
utes to  the  formation  of  Bruch's  membrane  by 
secreting  a  thin  collagenous  layer  known  as  the 
basement  membrane  of  the  RPE. 2  Bruch's  mem- 
brane gives  mechanical  support  to  this  region  and 
constitutes  a  barrier  to  the  abnormal  growth  of 
blood  vessels  (neovascularization)  from  the  choroid 
into  the  photoreceptor  region.  However,  during 
certain  disease  processes,  this  barrier  is  breached  by 
sprouting  vessels  which  eventually  hemorrhage  or 
interfere  with  the  optical  properties  of  the  region. 

In  addition,  pathological  elevations  called  drusen 
frequently  appear  in  Bruch's  membrane  as  a  result 
of  aging  or  genetic  factors.  The  precise  mechanism 
for  their  formation  is  not  known,  although  several 
theories  have  been  advanced.  3~5  Drusen  can  cause 
serious  defects  in  vision  when  they  become  suffi- 
ciently large  to  distort  the  RPE  and  the  underlying 
photoreceptors.  Their  presence  is  most  sorely  no- 
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FIGURE  1.  Rendition  of  the  retina]  photoreceptor-pigment  epithelial 
complex  and  its  adjacent  blood  supply.  The  light-sensitive  outer  segments 
(OS)  of  photoreceptors  are  in  very  close  association  with  cellular 
processes  (CP)  of  the  retinal  pigment  epithelium  (RPE).  The  RPE  rests  on 
Bruch's  membrane  (BM),  a  fibroelastic  layer  that  separates  the  photore- 
ceptor-RPE  unit  from  its  blood  supply,  the  latter  represented  here  by  a 
layer  of  choroidal  capillaries  (CC).  Melanin  granules  (small  arrows)  within 
the  cytoplasm  of  the  RPE  prevent  the  scattering  of  excess  light  by 
absorbing  it.  Lipofuscin  granules  (LG),  incompletely  digested  portions  of 
outer  segment  fragments  and  various  intracellular  components,  are  visible 
as  are  the  phagosomes  (large  arrows)  from  which  many  of  the  lipofuscin 
granules  originate.  Phagosomes  are  recently  ingested  tips  of  photoreceptor 
outer  segments  that  are  shed  into  the  extracellular  space  and  "eaten"  by 
the  RPE.  The  RPE  cells  are  joined  together  at  their  lateral  surfaces  by 
junctional  complexes  (JC).  Included  in  these  complexes  are  tight  junctions 
which,  in  concert  with  similar  junctions  in  retinal  capillaries,  serve  as  the 
site  of  the  blood-retinal  barrier.  (Adapted  from  Young  RW:  A  theory  of 
central  retinal  disease.  Chapter  14,  in  Sears  ML  (ed):  New  Directions  in 
Ophthalmic  Research,  Yale  University  Press,  New  Haven  and  London, 
1981.) 


cytoplasm  is  made  possible  by  differences  between 
the  chemical  composition  of  its  basolateral  plasma 
ticed  when  they  disturb  the  RPE  underlying  the 
fovea,    the    point    of   most    acute    central    vision. 

The  RPE  intervenes  between  two  tissue  microen- 
vironments,  the  capillary  bed  of  the  choroid  and  the 
subretinal  space  (the  retinal  ventricle).  This  space 
can  enlarge  considerably  when  the  photoreceptors 
detach  from  the  RPE. 

In  keeping  with  its  epithelial  nature,  the  RPE 
accomplishes  its  barrier  and  transport  functions  by 
two  means.  Portions  of  the  lateral  surfaces  of 
adjacent  RPE  cells  are  sealed  together  by  tight 
junctions  that  allow  only  a  limited  diffusion  of 
substances  into  and  out  of  the  retina  by  extracellular 
pathways.  *• 7  These  tight  junctions  therefore  dictate 
that  most  metabolites  and  larger  molecules  pass 
across  the  cellular  barrier  by  intracellular  pathways. 
Directional  transport  of  substances  across  the  RPE's 


membrane,  the  basal  part  of  which  rests  on  Bruch's 
membrane,  and  that  of  its  apical  plasma  membrane, 
which  faces  the  photoreceptors  of  the  neurosensory 
retina.  For  example,  sodium-potassium  pumps  are 
located  only  on  the  apical  plasma  membrane8,9 
which  is  studded  with  numerous  cytoplasmic  pro- 
cesses. Because  sodium  is  pumped  only  to  the 
extracellular  side  of  the  plasma  membrane  in  which 
the  pump  molecules  are  embedded,  the  RPE  is 
capable  of  actively  directing  a  net  flow  of  sodium  in 
the  direction  of  the  photoreceptors. 10 

The  cytoplasmic  processes  on  the  apical  surface 
of  the  RPE  surround  the  outer  segments  of  both 
rods  and  cones,  and  are  closely  apposed  to  them.  In 
the  human  retina,  these  processes  can  take  on  a 
sheet-like  form  and  ensheath  the  rod  and  cone  outer 
segment  tips.1112  These  processes  participate  in  a 
remarkable  function  of  the  RPE:  the  phagocytosis 
of  rod  and  cone  outer  segment  tips  that  are  cast  off 
on  a  daily  basis. 13_  16  The  photoreceptors  shed  their 
outer  segment  tips  into  the  subretinal  space,  and  the 
RPE  clears  up  the  resulting  debris  by  a  process  of 
recognition,  ingestion,  and  digestion  known  as 
phagocytosis.  " 

The  mechanism  whereby  the  RPE  recognizes  and 
ingests  photoreceptor  outer  segment  tips  presents  an 
intriguing  and  unsolved  problem,  which  is  actively 
being  studied.  Rats  with  inherited  retinal  dystrophy 
(rdy/rdy)  exhibit  a  defect  in  this  phagocytic  mecha- 
nism18-21 and  serve  as  a  useful  model  for  studying 
aberrations  in  this  important  aspect  of  RPE  func- 
tion. Curiously,  the  rods  shed  the  bulk  of  their  tips 
after  sunrise,22-24  whereas  the  cones  shed  most  of 
theirs  after  sunset. 25_27  Thus,  in  addition  to  its  other 
chores,  some  of  which  remain  to  be  mentioned,  the 
RPE  is  faced  with  an  enormous  phagocytic  burden. 
The  cells  carry  out  these  activities  on  a  daily  basis 
from  the  time  that  photoreceptors  first  appear  in 
utero  until  the  death  of  the  individual  some  70  or 
more  years  later. 

The  RPE-photoreceptor  interface  is  also  thought 
to  be  the  site  at  which  adhesive  forces  hold  the 
neurosensory  retina  smoothly  and  snugly  against  the 
choroid.  A  number  of  factors  are  thought  to 
contribute  to  these  adhesive  forces,  but  none  is 
known  with  certainty.28-30  The  combination  of 
ensheathing  RPE  cytoplasmic  projections  that  con- 
tact the  photoreceptors  in  concert  with  a  thin  film 
of  interphotoreceptor  matrix  containing  mucopoly- 
saccharides (glycosaminoglycans)  interspersed  be- 
tween them  is  believed  to  contribute  somewhat  to 
retinal  adhesion.  The  cellular  source  of  these  mole- 
cules has  been  attributed  both  to  the  photoreceptors 
and  the  RPE.  Transport  of  fluid  out  of  the  subret- 
inal space,  thereby  reducing  its  volume,  is  also 
thought  to  be  a  factor  in  adhesion. 30  The  mecha- 
nisms for  transporting  water  out  of  the  subretinal 
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space  and  into  the  choroidal  circulation  are  complex 
and  by  no  means  completely  understood.  Fluid 
transport  across  other  epithelia  is  osmotically  linked 
to  active  solute  transport. 31  For  example,  in  gall 
bladder  epithelium,  fluid  transport  is  tightly  coupled 
to  the  transport  of  sodium  chloride. 32  Nonetheless, 
metabolic  pumps,  one  of  which  has  been  carefully 
localized  to  the  apical  surface  of  the  RPE, 933-34  no 
doubt  also  play  a  crucial  role  in  the  adhesion  of  the 
neurosensory    retina    to    the    RPE    and    choroid. 

It  has  been  recognized  for  many  decades  that  the 
RPE,  by  virtue  of  its  melanin  granules,  efficiently 
absorbs  light  not  captured  by  the  photoreceptors. 
The  optical  advantages  of  this  light-trapping  ability 
are  two-fold.  The  absorption  of  "excess"  light 
lessens  glare  (backscattering  of  photons),  thereby 
improving  resolution  of  the  visual  image.  Also,  the 
RPE  pigment  acts  as  an  adjunct  to  the  melanin  in 
the  choroid  by  blocking  the  wrong-way  transmis- 
sion of  light  through  the  sclera. 

Another  type  of  pigment  found  in  the  RPE  is  the 
lipofuscin  granules35  or  residual  bodies.  These  are 
the  indigestible  products  of  the  lifelong  history  of 
phagocytosis  and  autophagic  (self-eating)  activity 
carried  out  by  this  cell  layer. 12-13-36  Phagocytosis  of 
outer  segment  tips  was  discussed  earlier  in  this 
chapter.  Autophagy  is  a  process  carried  out  by  most 
cells  in  the  body,  including  the  RPE, 37  whereby 
surplus  or  "worn-out"  intracellular  organelles  such 
as  mitochondria  and  cytoplasmic  membranes  are 
destroyed. 

Although  there  is  no  evidence  that  the  RPE  can 
itself  respond  to  normal  levels  of  environmental 
light,  it  does  produce  a  fast  photovoltage  believed 
to  be  thermoelectric  in  response  to  intense  flash 
stimuli 38  and  generates  slow  electrical  responses  to 
the  ionic  and  chemical  events  that  follow  the 
reception  of  light  by  photoreceptors.  These  latter 
responses  are  not  present  in  the  clinical  electroreti- 
nogram  (ERG),  which  includes  only  the  short 
duration  (milliseconds)  a  and  b  wave  components. 
Slow  electrical  potentials  produced  at  least  in  part 
by  the  RPE  appear  on  the  order  of  seconds  and 
minutes  following  photostimulation.  Stable  record- 
ings of  these  responses  are  more  difficult  to  make 
than  those  observed  in  the  clinical  ERG  and  special 
techniques  must  be  used  involving  direct  current 
amplification  and  avoidance  of  ocular  movements. 

The  first  of  two  electrical  peaks  with  a  slow  time 
course  is  the  c-wave,39-41  a  response  that  appears 
several  seconds  after  the  onset  of  light.  The  cellular 
origin  of  the  c-wave  is  known  to  be  RPE-dominat- 
ed,  and  the  ionic  mechanisms  responsible  for  its 
generation  are  reasonably  well  understood.42,43 
However,  many  problems  must  be  resolved  before 
this  recording  can  be  used  as  a  clinical  test  for  RPE 
function. 

The  c-wave  of  the  ERG  is  followed  by  a  change 
in  the  standing  potential  that  appears  some  minutes 


later.44,45  Mechanisms  underlying  the  standing  po- 
tential are  complex,  involving  cellular  elements  and 
ionic  events  that  have  not  been  fully  defined. 
However,  it  appears  that  the  light  rise  in  the 
standing  potential,  which  forms  the  basis  for  a  test 
called  the  electro-oculogram  (EOG), 46  is  generated 
across  the  basal  membrane  of  the  RPE. 47'48 

In  view  of  the  diverse  roles  of  the  RPE  in 
maintaining  retinal  integrity  and  function,  one 
would  expect  to  find  numerous  disorders  that 
originate  in  the  RPE  itself.  However,  due  to  the 
close  functional  interrelationships  between  the  RPE 
and  the  photoreceptors,  it  is  difficult  even  under  the 
ideal  conditions  of  animal  model  studies  to  pinpoint 
unequivocally  the  primary  cell  type  in  which  a 
given  disease  is  expressed. 

The  dystrophic  rat  retina  is  an  example  of  an 
animal  model  for  inherited  retinal  disease  in  which 
most  investigators  agree  that  the  RPE  represents 
the  primary  site  of  mutant  gene  expression.  This 
agreement  derives  from  an  elegant  experiment  in 
which  the  cells  of  normal  and  mutant  animals  were 
mixed  shortly  after  conception  and  the  embryo 
thereafter  allowed  to  grow  to  term  in  a  host 
female. 21  Following  growth  and  postnatal  matura- 
tion, the  retina  was  examined  histologically.  It  was 
observed  that  degeneration  of  photoreceptors  oc- 
curred only  when  they  were  in  contact  with  RPE 
derived  from  mutant  parents.  Photoreceptors  con- 
tacting the  cells  of  normal  parents  did  not  degener- 
ate. Classic  efforts  of  this  kind  are  only  possible  in 
small  animals  such  as  rodents  with  high  fertility  and 
maturation  rates.  The  case  for  mutant  gene  expres- 
sion in  the  RPE  of  other  animal  models  remains 
open. 

It  has  been  suggested  that  central  progressive 
retinal  atrophy  in  dogs  is  a  pigment  epithelial 
dystrophy  because  these  cells  appear  to  be  affected 
first. 49-50  However,  the  genetics  of  this  disorder  are 
not  well  understood. 51 

In  the  human,  the  problem  of  determining  wheth- 
er a  primary  disease  process  rests  within  the  RPE  is 
formidable.  No  one  can  say  with  certainty  whether 
there  are  any  primary  dystrophies  of  the  human 
RPE,  although  it  is  likely  that  they  exist.  What  is 
lacking  is  an  ability  to  correlate  evidence  gathered 
by  noninvasive  clinical  techniques  with  biochemical 
and  morphological  data.  The  latter  are  virtually 
nonexistent  due  to  a  lack  of  human  material  that  has 
been  examined  in  the  early  stages  of  degeneration. 

Studies  of  the  RPE  are  relevant  to  numerous 
areas  of  retinal  research  and  disease  because  of  its 
crucial  role  in  retinal  function.  Detachments  of  the 
RPE  can  be  part  of  a  syndrome  known  as  central 
serous  choroidopathy,  a  condition  in  which  fluid 
accumulates  between  the  photoreceptors  and  the 
RPE.  Whether  the  detachment  and  observed  "leaki- 
ness"  of  the  RPE  is  the  primary  defect  in  this 
condition  is  an  unresolved  controversy.  In  fact,  the 


103 


Vision  Research— A  National  Plan:  1983-1987 


Retinal  and  Choroidal  Diseases 


etiology  of  RPE  detachment  is  unknown.  Involve- 
ment, direct  or  indirect,  of  the  RPE  has  been 
inferred  in  many  retinal  and  choroidal  diseases, 
namely  macular  degeneration;  retinal  detachment; 
developmental  and  hereditary  disorders;  toxic,  nu- 
tritional, and  environmental  disorders;  inflammatory 
disorders;  and  diabetic  retinopathy.  With  regard  to 
other  areas  of  vision  research,  the  RPE  exerts 
trophic  influences  on  the  development  of  ocular 
tissues  and  visual  pathways,  and  is  a  factor  to  be 
considered  in  many  types  of  intraocular  surgery 
such  as  cataract  extraction,  vitrectomy,  and  retinal 
surgery.  Within  the  broader  field  of  biomedical 
research,  the  subjects  of  aging,  genetics,  toxicology, 
epidemiology,  and  epithelial  cell  transport  bear 
upon  the  RPE. 


SUBPROGRAM 
OBJECTIVES 


To  gain  fundamental  knowledge  about  the  retinal 
pigment  epithelium  in  structural,  molecular,  and 
physiological  terms. 

To  understand  the  trophic  influences  of  the  RPE 
on  other  elements  of  the  visual  system. 

To  determine  the  role  of  the  RPE  in  chorioreti- 
nal disease  and  retinal  detachment,  both  as  a 
primary  and  secondary  factor. 

To  develop  noninvasive  methods  for  studying 
RPE  function  (see  Chapter  13,  "Noninvasive 
Techniques  in  the  Study  of  Retinal  Disorders")- 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 


The  National  Eye  Institute  currently  supports  most 
of  the  research  in  the  United  States  on  visual  cell 
and  RPE  interactions.  In  FY  1981,  24  individual 
grants  were  funded  on  this  subject  at  a  total  cost  of 
$1,931,000.  Most  of  these  deal  with  renewal  phe- 
nomena and/or  its  diurnal  and  circadian  aspects. 
The  remainder  deal  with  transport,  general  cell 
biology,  biochemistry,  physiology,  or  development. 
Other  Institutes  of  the  National  Institutes  of 
Health  provide  some  support  for  photoreceptor- 
RPE  research  not  necessarily  involving  interaction 
between  the  two  cell  types.  These  are  the  National 
Institute  of  Arthritis,  Diabetes,  and  Digestive  and 
Kidney  Diseases  (chemistry  and  physiology),  the 
National  Institute  of  General  Medical  Sciences 
(development,  cytoskeleton,  cell  membranes,  visual 


cell  function),  the  National  Institute  of  Neurological 
and  Communicative  Disorders  and  Stroke  (trans- 
duction), and  the  National  Institute  of  Child  Health 
and  Human  Development  (cell  recognition  during 
development,  taurine  metabolism). 

Other  Federal  agencies  also  provide  significant 
support,  most  of  it  directed  toward  the  effects  of 
light  and  coherent  radiation  on  the  retina.  These 
include  the  Veterans  Administration,  the  Food  and 
Drug  Administration,  Air  Force,  Army,  and  Na- 
tional Science  Foundation. 

Finally,  two  private  foundations  provide  support: 
Fight  for  Sight,  Inc.,  and  the  National  Retinitis 
Pigmentosa  Society. 

With  regard  to  strengths  and  gaps  in  research 
support,  National  Eye  Institute  funding  in  FY  1981 
of  individual  grants  dealing  with  the  subject  of 
visual  cells  and  the  pigment  epithelium  emphasized 
the  subject  of  photoreceptor  renewal  phenomena 
and  mechanisms.  This  subject  includes,  of  course, 
the  phagocytic  role  of  the  RPE  in  this  process. 
Most  of  these  grants  dealt  with  either  morphologi- 
cal or  biochemical  aspects  of  renewal,  and  most  of 
these  are  primarily  morphological  in  nature.  RPE 
transport  was  the  next  most  prominent  subject  of 
interest,  emphasizing  the  transport  of  ions  and 
metabolites.  Only  a  few  grants  supported  tissue 
culture,  a  subject  that  was  emphasized  in  the  last 
five-year  Plan  of  the  National  Advisory  Eye  Coun- 
cil. A  single  grant  was  related  to  the  subject  of 
Bruch's  membrane,  and  a  few  grants  dealt  with 
other  metabolic  features  of  the  photoreceptors  or 
RPE. 

Emphasis  on  photoreceptor-RPE  interactions  is 
certainly  appropriate.  However,  more  emphasis 
should  be  placed  on  the  molecular  mechanisms  of 
this  interaction,  and  on  transport  processes  between 
the  RPE  and  retina.  Because  the  transport  of 
nutrients  and  metabolites  entails  passage  of  these 
compounds  across  the  thin  film  of  interphotorecep- 
tor  matrix  interspersed  between  these  tissues,  the 
characterization  and  origin  of  this  material  is  impor- 
tant. Emphasis  should  also  be  placed  on  the  bio- 
chemical aspects  of  RPE  function  in  general.  In  this 
regard,  useful  tissue  culture  models  would  be  highly 
desirable  as  an  adjunct  to  the  use  of  RPE-choroid 
preparations,  and  would  allow  the  study  of  RPE 
free  of  the  complications  introduced  by  choroidal 
elements.  Furthermore,  noninvasive  methods  for  the 
testing  of  RPE  function  are  needed  for  clinical 
purposes.  The  influence  of  environmental  factors  on 
RPE  disease  and  aging  is  a  subject  which  is  also 
underemphasized. 
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8.  Retinal  Pigment  Epithelium 


RECENT 
ACCOMPLISHMENTS 

Research  interest  in  the  RPE  has  been  high  in  the 
past  few  years,  in  part  because  of  encouragement 
from  the  previous  five-year  Plan,  and  because  of 
exciting  new  developments  in  the  field.  A  number 
of  important  facts  have  now  been  established  about 
this  cell  layer.  It  is  more  apparent  than  ever  that  the 
RPE  is  a  central  element  in  the  survival  and 
function  of  the  visual  cells:  it  regulates  the  microen- 
vironment,  controls  the  flow  of  metabolites,  main- 
tains a  close  association  of  the  two  cell  layers,  plays 
a  vital  role  in  the  rhodopsin  cycle,  absorbs  excess 
light  energy,  and  daily  removes  discarded  photore- 
ceptor debris. 

Despite  the  lack  of  any  cellular  junctions  between 
the  photoreceptors  and  the  RPE,  the  anatomical 
relationships  between  the  two  cell  types  are  extraor- 
dinarily close  and  are,  under  normal  circumstances, 
kept  that  way.  Apical  projections  from  the  RPE 
envelop  the  tips  of  the  rod  and  cone  outer  segments. 
In  some  species,  the  anatomical  relationships  be- 
tween the  RPE  and  cones  are  elaborate,  with  the 
RPE  processes  resembling  the  husk  on  an  ear  of 
corn 52  and  the  cone  outer  segment  representing  the 
ear  proper.  These  relationships  are  apparently  cru- 
cial. In  the  human  retina,  where  cone  outer  seg- 
ments frequently  do  not  reach  all  the  way  to  the 
RPE,  these  processes  seek  out  and  find  the  cone 
outer  segments. 53  This  close  approximation,  al- 
though less  elaborate,  is  also  seen  between  the  RPE 
and  rod  outer  segments.  It  may  facilitate  retinal 
adhesion  and  no  doubt  aids  in  the  exchange  of 
metabolites  and  other  substances  between  the  RPE 
and  photoreceptors. 

A  close  approximation  to  the  photoreceptor  outer 
segments  is  also  important  for  the  phagocytic  role 
played  by  the  RPE. 13  Rods  shed  portions  of  their 
outer  segment  tips  shortly  after  the  onset  of 
light,  22~24  whereas  cones  perform  this  function  after 
the  light  is  extinguished.25"27  Processes  from  the 
RPE  somehow  recognize  these  discarded  frag- 
ments, surround  and  engulf  them,  and  dispose  of 
them  by  intracellular  digestion.  13,  " 

Over  the  course  of  a  lifetime  or  following  chronic 
nutritional  deficiencies,  partially  digested  outer  seg- 
ment fragments  build  up  within  the  RPE  cytoplasm, 
and  the  cells  become  engorged  with  lipofuscin 
granules. 35, 36  Lipofuscin  granules  are  a  hallmark  of 
aging  cells.  The  RPE  cells  from  animals  that  have 
been  subjected  to  diets  deficient  in  antioxidants  such 
as  vitamin  E  or  selenium54'55  also  show  a  high 
content  of  lipofuscin  granules.  Antioxidants  destroy 
harmful  agents  called  free  radicals,  which  build  up 
in  photoreceptors  as  a  result  of  the  light-trapping 
process.  Free  radicals  cause  the  cross-linking  of 
lipids  in  the  outer  segment  membranes  of  rods  and 


cones,56  rendering  them  less  digestible  by  the 
pigment  epithelium.  The  result  is  a  buildup  of 
indigestible  "clinkers"  in  the  digestive  furnaces  of 
the  RPE  layer.  This  may  render  the  RPE  cells  less 
effective  in  their  general  functions  and  may  also 
secondarily  cause  defects  in  Bruch's  membrane  and 
the  photoreceptors. 114-54 

The  cytoskeletal  elements5758  of  the  RPE  apical 
surface  are,  no  doubt,  important  for  its  phagocytic 
activities  and  may  play  a  role  in  another  exciting 
phenomenon.  It  is  now  apparent  that  the  rod  and 
cone  outer  segments  are  normally  aligned  in  the 
retina  to  point  toward  the  pupil  of  the  eye.59"61 
Presumably,  this  positioning  affords  the  photorecep- 
tors maximum  sensitivity  to  light  because  their 
photopigment  molecules  lie  in  the  most  direct  path 
of  unscattered  light  rays.  The  RPE  may  play  a  role 
in  holding  the  outer  segments  in  this  favorable 
position.  It  has  recently  been  demonstrated  that 
such  directional  sensitivity  is  not  present  in  humans 
whose  photoreceptors  have  become  detached  from 
the  RPE,  or  whose  eye  has  been  covered  for  some 
time. 62,63  The  RPE  is  generously  endowed  with  an 
intracellular  network  of  tubules  and  filaments,  the 
latter  being  capable  of  contraction  much  like  their 
counterparts  in  muscle.57-58  These  components  are 
almost  certainly  involved  in  phagocytosis  and  the 
positioning  of  melanin  granules  within  the  apical 
half  of  the  RPE.  They  may  play  an  active  role  in 
photoreceptor  orientation  as  well.  Likewise,  they 
may  be  an  important  factor  in  the  reestablishment  of 
contacts  between  photoreceptors  and  RPE  follow- 
ing retinal  detachment  and  reattachment. 64 

The  barrier  and  transport  functions  of  the  RPE 
have  been  fruitfully  investigated  in  recent  years. 
The  RPE  is  part  of  the  blood-ocular  barrier  which 
gives  the  retina  a  favored  environment  in  contrast  to 
that  of  certain  other  tissues  of  the  body. 6  The 
anatomical  substrate  for  the  barrier  is  the  RPE  cell 
layer  itself  and  a  series  of  mutually  continuous  seals 
that  extend  like  belts  around  small  portions  of  the 
lateral  surfaces  of  all  RPE  cells.  Because  of  this 
barrier,  proteins  and  many  small  molecules  and  ions 
cannot  enter  the  neurosensory  retina  under  normal 
circumstances.  In  pathological  states  such  as  inflam- 
matory disease,  diabetes  mellitus,  and  certain  retinal 
dystrophies,  this  barrier  breaks  down. 65 

Because  of  the  tight  junctions6-7  between  the 
RPE  cells  and  striking  asymmetries  in  the  distribu- 
tion of  ion  pumps 9'66  and  passive  ion  conductances 7 
on  the  apical  and  basal  membranes,  the  RPE  is 
capable  of  directing  the  flow  of  ions  and  water  into 
or  out  of  the  subretinal  space.  Studies  of  isolated 
RPE-choroid  preparations  have  shown  that  there  is 
a  Na +  -K +  pump  on  the  apical  cell  membrane. &  9 
This  pump,  along  with  the  asymmetrical  distribution 
of  passive  conductances  to  other  ions,  controls  the 
ionic  composition  of  the  subretinal  space.  Because 
fluid    movement    is    obligatorily    coupled    to    salt 
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movement  (that  is,  NaCl,  NaHCO 3,  and  others),  the 
state  of  hydration  and  therefore  the  size  of  the 
subretinal  space  is  properly  maintained,  as  is  the 
intimate  contact  between  photoreceptors  and  RPE. 
There  is  evidence  that  potassium  ion  (K  +  )  plays  an 
important  role  in  this  transport.  Photic  stimulation 
of  the  retina  produces  a  decrease  in  the  K  + 
concentration  in  the  subretinal  space  that  results 
from  photoreceptor  activity.42  Such  changes  in  K  + 
can  affect  the  magnitude  of  active  metabolite  and 
ion  transport,  and  perhaps  the  volume  of  subretinal 
fluid. 67 

Because  it  is  electrogenic,  the  Na+-K+  pump  on 
the  apical  surface  of  the  RPE968  makes  a  large 
contribution  to  the  voltage  difference  across  the 
pigment  epithelium  and  is  a  major  component  of 
standing  potentials  recorded  at  the  cornea,  thereby 
giving  the  clinical  examiner  a  glimpse  of  the 
functional  status  of  the  RPE.  This  pump  has  been 
identified  with  the  ouabain-sensitive  Na+-K  + 
ATPase  activity  of  the  apical  RPE  membrane 33  and 
has  been  localized  by  autoradiography  with  3H- 
ouabain 34  (Figure  2). 
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FIGURE  2.  Diagram  showing  a  current  concept  of  retinal  pigment 
epithelium  (RPE)  polarity  and  function  with  respect  to  two  membrane 
proteins:  the  sodium-potassium  pump  (Na  +-K  +  ATPase)  and  the  mem- 
brane receptor  for  retinol-binding  protein  (RBPR).  Prealbumin  (PA), 
retinol  binding  protein  (RBP)  and  retinol  circulate  as  a  complex  in  the 
blood.  This  complex  passes  through  the  choroidal  capillaries  (CC), 
penetrates  Bruch's  membrane  (BM)  and  recognizes  the  RBPR  which  are 
located  on  the  basal  infoldings  (BI)  and  lateral  plasma  membrane  of  the 
RPE.  The  RBP  releases  retinol  to  the  receptor  and  the  retinol  is  somehow 
transported  across  the  plasma  membrane  to  a  different  retinal  binding 
protein  (CRBP)  in  the  cytoplasm  of  the  RPE.  The  RBP  and  PA  dissociate 
and  reenter  the  bloodstream.  Sodium  pumps  are  concentrated  in  the  apical 
microvilli  (AM)  of  the  RPE  where  they,  in  concert  with  junctional 
complexes  (JC),  regulate  cell  volume  and  the  ionic  environment  of 
photoreceptors.  (Modified  from  Bok  D,  Autoradiographic  Studies  on  the 
Polarity  of  Plasma  Membrane  Receptors  in  Retinal  Pigment  Epithelial 
Cells,  Chapter  26,  in  Hollyfield,  JG  (ed):  The  Structure  of  the  Eye,  Vol  IV, 
New  York,  Elsevier  North  Holland,  Inc.,  1982,  p  254.  Copyright  1982  by 
Elsevier  Science  Publishing  Co,  Inc.  Reprinted  by  permission  of  the 
publisher.) 


A  dramatic  aspect  of  RPE  transport  concerns  its 
uptake  of  vitamin  A  (retinol)  from  the  circulation 
and  storage  of  vitamin  A  derivatives  prior  to 
transport  to  the  photoreceptors  where  its  aldehyde 
form  (retinal)  is  used  as  the  light-trapping  chromo- 
phore  of  visual  pigment.  Vitamin  A  is  transported 
from  the  liver  to  the  eye  by  serum  retinol  binding 
protein  (SRBP).  The  SRBP  binds  to  receptor 
molecules  on  the  basal  (choroidal)  surface  of  the 
RPE 69, 70  and  delivers  the  retinol  to  the  interior  of 
the  cell  while  itself  remaining  extracellular.  Nearly 
all  the  retinol  in  the  RPE  is  stored  as  11-c/s  and  all- 
trans  esters  of  palmitic  and  stearic  acids.71'72  Such 
stores  possibly  serve  as  reserves  against  dietary 
deprivation.  In  the  cytosol,  retinol  and  its  deriva- 
tives (retinoids)  are  bound  to  cellular  retinoid  bind- 
ing proteins  names  CRBP73-74  (a\\-trans  retinol), 
CRABP  (retinoic  acid)  and  CRA1BP75  (11-cis 
retinal  and  ll-cis  retinol).  CRABP76  is  mainly 
confined  to  the  retina,  whereas  the  other  two 
proteins  occur  in  both  retina  and  RPE.  Although 
CRBP  and  CRABP  occur  in  many  cells,  CRA1BP 
is  not  found  elsewhere  in  the  body.  The  role  of 
these  proteins  in  retinoid  transport  and  isomeriza- 
tion  during  the  visual  cycle  as  well  as  in  the  routine 
functioning  of  the  cell  is  not  known.  Similarly,  the 
site  and  mechanism  of  isomerization  of  a\\-trans  to 
11  -cis  retinoid  for  visual  pigment  regeneration  have 
not  been  established. 

Retinol  (in  the  aW-trans  conformation)  is  also 
delivered  to  the  apical  surface  of  the  RPE  subse- 
quent to  its  formation  in  the  ROS  after  rhodopsin 
has  been  bleached.  A  large  protein  in  the  interpho- 
toreceptor  matrix  may  be  implicated  in  this  transfer 
process. 77~79 

Molecular  mechanisms  underlying  the  recogni- 
tion and  ingestion  of  discarded  outer  segment  tips 
during  the  photoreceptor  renewal  process  have 
been  difficult  to  study  in  intact  animals.  Therefore, 
in  recent  years,  investigators  have  attempted  to 
study  this  process  in  organ  and  tissue  culture.  The 
RPE  of  both  embryonic  80and  adult  animals  (includ- 
ing humans)81  will  grow  in  artificial  media,  albeit 
with  increasing  difficulty  as  the  RPE  ages. 82  The 
human  RPE  can  be  cultured  successfully  for  at  least 
40  hours  after  a  person's  death. 83  The  RPE  of  the 
dystrophic  rat  retina  retains  its  phagocytic  defect  in 
tissue  culture. 84  Interestingly,  normal  cultured  rat 
RPE  cells  favor  the  phagocytosis  of  light-exposed 
outer  segment  fragments  over  those  that  have  been 
taken  from  dark  adapted  animals. 85  Their  phagocyt- 
ic activity  is  reduced  in  the  presence  of  elevated 
levels  of  cyclic  AMP. 86 

In  spite  of  these  interesting  advances,  the  art  and 
science  of  RPE  culture  needs  considerable  develop- 
ment. Optimum  conditions  for  culture  remain  to  be 
determined  so  that  the  cells  can  express  as  many  of 
their  in  vivo  features  as  possible.  Most  culture 
systems  are  deficient  in  this  respect,  with  the  result 
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that  the  cells  lack  essential  items  for  their  normal 
function,  such  as  melanin  granules  and  CRBP. 87 

Recently,  an  in  vitro  organ  culture  system  was 
reported  for  photoreceptor  shedding  and  RPE 
phagocytosis. 88  When  the  eyecups  (dissected  eyes 
lacking  cornea,  iris,  and  lens)  of  frogs  are  placed  in 
an  appropriate  culture  medium,  normal  rod  shed- 
ding and  phagocytosis  occur  in  response  to  a  light 
stimulus.  One  of  the  essential  ingredients  in  this 
process  is  the  proper  concentration  of  bicarbonate 
ions.  This  is  a  most  interesting  and  useful  observa- 
tion since  bicarbonate  is  an  essential  element  in  RPE 
transport. 10  Using  this  culture  system,  perhaps  the 
trophic  interactions  between  RPE  and  photorecep- 
tors regarding  shedding  and  phagocytosis  can  now 
be  studied  in  a  systematic  way. 

As  the  above  examples  have  demonstrated,  the 
cellular  properties  of  the  RPE  are  beginning  to  be 
understood.  Investigators  would  like  to  correlate 
them  better  with  disease  states  in  man.  Because  of  its 
critical  position  within  the  eye,  the  RPE  is  implicat- 
ed either  primarily  or  secondarily  in  a  wide  range  of 
ocular  disorders.  As  more  is  learned  about  the 
precise  manner  in  which  RPE  supports  the  photore- 
ceptors, how  specific  genetic  or  acquired  dysfunc- 
tion of  the  RPE  affects  retinal  viability,  and  how 
noninvasive  tests  monitor  the  function  of  the  RPE, 
powerful  tools  will  be  available  for  the  prevention 
and  treatment  of  retinal  disease. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 


One  of  the  major  accomplishments  of  the  past 
decade  has  been  the  demonstration  of  the  interdigi- 
tation  between  RPE  and  photoreceptor  outer  seg- 
ments 1112-15  and  the  discovery  that  the  RPE  phago- 
cytizes  and  digests  material  from  the  tips  of  the 
continuously  growing  photoreceptor  outer  seg- 
ments. 13  Nonetheless,  many  important  questions 
remain  unanswered.  Among  them:  What  changes 
occur  in  the  "older"  portions  of  the  outer  segments, 
and  how  is  shedding  ultimately  triggered?  Are 
humoral  factors  involved,  and  does  the  RPE  play  a 
role  in  the  triggering?  The  recent  demonstration 
that  RPE  phagocytosis  of  outer  segment  debris 
occurs  in  a  cyclic  fashion  opens  uncharted  and 
potentially  important  territory  to  research.  Phago- 
cytosis occurs  mostly  in  the  morning  for  rod 
material22"24  and  at  night  for  cone  material,25-27 
following  an  internal  (circadian)  rhythm  in  rats23 
and  light  triggering  in  frogs. 24  Circumstantial  evi- 
dence suggests  that  intraocular  fluctuations  in  mela- 
tonin levels  may  play  a  role. 89  However,  unequivo- 
cal evidence  for  the  molecular  mechanisms  involved 
in  shedding  and  the  initial  stages  of  phagocytosis 


remains  to  be  found.  The  relationships  between 
RPE  apical  processes  and  outer  segments  should 
also  be  explored.  Additional  questions  are:  What 
cytoskeletal  elements  are  involved  in  RPE  func- 
tion?90,91 When  the  retina  detaches  and  reattaches, 
are  the  same  connections  reestablished,  and  to  what 
extent  does  the  RPE  influence  the  restoration  of 
retinal  function?  Does  the  RPE  play  an  active  role 
in  outer  segment  orientation  toward  the  pupil?  In  a 
normal  eye,  the  outer  segments  angle  towards  the 
pupillary  aperture  to  achieve  maximum  sensitivity 
to  light  (Stiles-Crawford  effect  of  the  first 
kind).59-61  Recent  studies  have  shown  that  this 
orientation  is  dynamic  and  may  be  altered  by 
changing  the  location  of  the  pupil, 62  or  may  change 
in  the  presence  of  retinal  disease. 92  The  role  of  the 
RPE  in  maintaining  this  direction  system,  or  restor- 
ing it  during  the  healing  phase  of  disease,  is  of 
interest. 

The  RPE  has  many  characteristics  typical  of 
other  transporting  epithelia  such  as  that  of  the 
choroid  plexus. 9- 10  The  cells  are  all  joined  by  tight 
membrane  junctions6,7  which  probably  influence 
the  passage  of  ions,  amino  acids,  sugars,  and 
proteins  from  one  side  of  the  RPE  to  the  other. 93 
Recent  studies  have  begun  to  identify  differences  in 
the  electrical  transport  properties  of  the  apical  and 
basal  RPE  membranes. 7'9-66-68  Most  of  the  current 
data  are  from  amphibians,  but  studies  are  now  being 
done  in  mammals. 10  The  data  suggest  the  existence 
of  highly  specific  transport  systems  for  ions,  glu- 
cose, taurine,  and  other  metabolites  important  to  the 
photoreceptors.  Further  research  is  needed  to  iden- 
tify more  transport  processes,  and  answer  questions, 
such  as:  What  are  the  mechanisms  for  fluid  trans- 
port across  the  RPE?  What  effects  do  drugs  and 
nucleotides  have  on  this  process?  This  research  has 
direct  clinical  implications. 

The  RPE,  which  is  not  itself  sensitive  to  normal 
levels  of  environmental  light,  generates  at  least  a 
portion  of  the  c  wave  of  the  ERG 39_41  in  response 
to  changes  in  the  extracellular  potassium  concentra- 
tions that  occur  after  the  photoreceptors  respond  to 
light. 42  Similar  information  is  needed  on  the  light 
peak  of  the  standing  potential,  which  forms  the  basis 
for  the  clinical  EOG. 47,48  Direct  recording  of  RPE 
responses  in  man  has  been  difficult  because  of  the 
slow  time  course  and  the  small  voltages  involved. 
Further  studies  are  important  because  these  re- 
sponses eventually  may  be  used  in  the  clinic  to 
evaluate  the  integrity  of  the  RPE.  The  fast  photo- 
voltage  produced  by  the  RPE 38  may  prove  useful 
for  this  purpose.  Few  clinically  useful  tests  of  RPE 
function  exist  at  present,  despite  the  great  impor- 
tance of  this  tissue  to  ocular  function  and  disease. 46 

Adhesion  between  the  retina  and  RPE  is  un- 
doubtedly influenced  by  the  anatomic  relationships 
that  have  been  mentioned  and  the  existence  of  a 
viscous  intercellular  matrix.28,29  However,  recent 


107 


Vision  Research— A  National  Plan:  1983-1987 


Retinal  and  Choroidal  Diseases 


studies  have  shown  that  retinal  adhesion  falls 
dramatically  within  a  few  minutes  after  death  or 
following  experimental  inhibition  of  oxidative  me- 
tabolism by  cyanide.28"30  Thus,  there  appear  to  be 
active  metabolic  systems  that  are  critical  to  retinal 
detachment.  More  research  is  needed  to  identify  the 
specific  physiologic  mechanisms  of  adhesion.  The 
subject  of  glycosaminoglycan  synthesis94'95  and 
function  should  be  revived.  Experiments  involving 
pharmacologic  modification  of  adhesion  may  result 
in  clinical  applications  to  the  management  of  retinal 
detachments. 

The  barrier  function  of  the  RPE  is  of  major 
importance  in  ocular  pathology.  Using  techniques 
such  as  fluorescein  angiography,  vitreous  fluoro- 
photometry,  and  tracer  histopathology  (for  exam- 
ple, with  horseradish  peroxidase),  RPE  barrier 
abnormalities  have  been  found  in  disorders  such  as 
diabetes  mellitus,  central  serous  choroidopathy, 
pigment  epitheliopathy,  and  retinitis  pigmentosa. 65 
Additional  research  is  needed  to  determine  why  and 
how  the  barrier  is  affected,  whether  the  changes 
occur  within  the  cells  or  at  the  intercellular  junc- 
tions, whether  the  barrier  defects  are  limited  to 
certain  types  of  substrate,  and  whether  such  defects 
are  causes  or  results  of  disease. 

Work  during  the  past  several  years  has  empha- 
sized the  role  of  the  RPE  in  retinoid  storage, 
utilization,  and  transport  associated  with  the  visual 
cycle  and  other  cellular  function.  69~71-73'74  These 
functions  are  critical  to  photoreception  and  are 
thought  to  be  affected  in  a  number  of  retinal 
diseases.  Many  questions  remain.  Information  is 
needed  on  the  controls  that  affect  uptake,  mobiliza- 
tion, and  release  of  retinoids.  Studies  are  also 
needed  on  the  intracellular  transport  and  utilization 
of  retinoids  in  the  visual  cycle  and  on  other  roles 
that  retinoids  may  play  in  the  proper  functioning  of 
the  cells.  The  role  of  the  interphotoreceptor  matrix 
in  retinoid  transport  and  the  manner  in  which 
retinoid  is  released  from  and  delivered  to  the  apical 
surface  of  the  RPE  requires  elucidation.  The  trans- 
port proteins  involved  in  this  process  might  be 
expected  to  have  specific  plasma  membrane  recep- 
tors on  the  RPE  and  outer  segments. 

There  has  been  much  concern  of  late  about  the 
effects  of  light  on  the  physical  components  of  the 
photoreceptors  and  RPE.  The  absorption  of  radiant 
energy,  particularly  in  the  shorter  wavelengths,  can 
lead  to  oxidation  of  lipids  in  the  photoreceptor 
membrane,  which  renders  them  poorly  digestible  by 
the  RPE.54-56  These  altered  lipids  are  thought  to 
contribute  to  the  accumulation  of  autofluorescent 
pigments  such  as  lipofuscin, 35  to  the  aging  process 
within  the  RPE, 14-36'54  and  most  important,  to  the 
pathogenesis  of  macular  degeneration.  Much  of  this 
schema  remains  speculative,  but  lipofuscin  unques- 
tionably accumulates  throughout  life,  and  physical 
changes  in  the  RPE  and  Bruch's  membrane  are 


characteristic  of  older  and  degenerated  eyes. 14 
Research  is  critically  needed  to  probe  the  effects  of 
light  damage  and  sort  out  the  intrinsic  and  extrinsic 
factors  in  aging,  hereditary  retinal  degeneration,  and 
macular  degeneration.  Epidemiological  studies  re- 
lating solar  and  artificial  radiation  intensities  to  the 
incidence  of  retinal  disease  might  prove  helpful. 
Understanding  the  relationship  between  light,  natu- 
ral antioxidants  (selenium  and  vitamin  E,  for  exam- 
ple), lipofuscin,  and  aging  may  lead  to  means  for 
preventing  aging-related  maculopathy. 

Some  preliminary  successes  have  been  achieved 
in  the  study  of  RPE  cells  in  laboratory  cul- 
ture. 80 -82- 84, 85, 87  Dystrophic  rat  RPE  cells  retain 
their  phenotype,  namely  a  depressed  phagocytic 
function,  in  culture. 84  Normal  rat  RPE  cells  appear 
to  choose  light-exposed  outer  segment  fragments 
over  dark-exposed  ones  during  phagocytosis.  85 
Human  RPE  from  individuals  of  various  ages  can 
also  be  cultured.81'82  Studies  with  these  cultures 
soon  may  be  possible  on  the  biochemical  defects  in 
inherited  or  degenerative  disorders.  However, 
before  this  can  proceed  systematically,  more  knowl- 
edge is  needed  about  the  conditions  under  which 
RPE  cells  from  various  sources,  including  humans, 
can  be  grown.  To  date,  cultured  RPE  cells  that 
most  closely  represent  their  in  vivo  counterparts  in 
terms  of  morphology,  biochemical  aspects,  and 
melanization  are  grown  in  specified  medium  from 
chicken  embryos.80-87  An  equal  or  better  level  of 
success  must  be  gained  with  RPE  from  other 
sources,  including  human  material.  In  this  connec- 
tion, methods  of  acquiring  human  tissue  must  be 
improved.  Donor  programs,  such  as  those  being 
initiated  for  eyes  with  retinitis  pigmentosa  and 
diabetes,  should  be  encouraged. 

An  additional  means  of  extending  the  range  of 
pathologic  material  available  for  study  is  the  use  of 
animal  models.  The  primary  site  of  mutant  gene 
expression  has  now  been  localized  with  considerable 
confidence  in  the  rdy  rat  (RPE) 21  and  the  rd  mouse 
(photoreceptors).96-98  There  is  good  evidence  that 
the  gene  for  progressive  retinal  atrophy  in  Irish 
setters  is  expressed  in  the  photoreceptors. 99  All 
animal  models  should  be  studied  intensively  until  it 
becomes  possible  to  retard  or  prevent  photoreceptor 
degeneration.  What  is  the  most  suitable  model 
cannot  be  determined  until  there  is  more  informa- 
tion both  about  the  many  available  models  and  the 
various  human  diseases.  The  two  subjects  are 
intertwined;  progress  in  one  spurs  progress  in  the 
other.  Therefore,  animal  mutants  with  photorecep- 
tor degeneration  should  be  used  to  the  maximum 
possible  extent. 
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RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Retinal  Pigment  Epithelium," 
the  Panel  has  made  the  following  recommendations 
concerning  research  in  this  subprogram  over  the 
next  five  years.  These  have  been  grouped  under  two 
headings:  Program  Base  and  Program  Development 
Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research    grants   in   these   areas   are   forthcoming. 

Program  Base 

■  Investigate  molecular  mechanisms  underlying  the 
rhythmicity  and  control  of  RPE  phagocytosis 
and  metabolism. 

■  Determine  the  anatomical  (that  is,  cytoskeletal 
elements)  and  functional  (that  is,  outer  segment 
orientation)  relationships  between  photoreceptors 
and  the  retinal  pigment  epithelium,  especially 
RPE  ensheathment  of  photoreceptors  following 
retinal  detachment  and  reattachment. 


Program  Development  Priorities 

■  Analyze  special  aspects  of  RPE  transport,  includ- 
ing that  of  vitamin  A  and  its  congeners  (retin- 
oids), ions,  and  metabolites.  Characterize  the 
biophysical  and  biochemical  properties  of  the 
basolateral  and  apical  membranes,  and  explore 
the  possibility  of  retinal  regional  differences  in 
these  properties. 


Study  the  metabolism  of  the  RPE  with  particular 
emphasis  on  cell  isolation,  culture,  and  fractiona- 
tion methods.  Explore  the  roles  of  calcium, 
nucleotides,  hormones,  retinoids,  and  other  cell 
products  in  controlling  the  properties  and  func- 
tions of  the  RPE. 

Investigate  the  physiological  and  biochemical 
mechanisms  of  retinal  adhesion  and  subretinal 
fluid  resorption  and  their  relationship  to  retinal 
detachment  (see  Chapter  6,  "Retinal  Detachment 
and  Vitreous  Disorders"). 

Examine  the  barrier  properties  of  the  RPE  and 
determine  if  these  properties  are  altered  in  dis- 
eases of  the  retina  and  choroid  (see  Chapter  1, 
"Diabetic  Retinopathy,  Sickle  Cell  Retinopathy, 
and  Other  Vascular  Abnormalities;"  Chapter  4, 
"Developmental  and  Hereditary  Disorders;" 
Chapter  5,  "Macular  Degeneration;"  and  Chapter 
6). 

Examine  the  effects  of  light,  age,  drugs,  and 
antioxidants  on  lipofuscin  in  the  RPE  cell.  Relate 
these  effects  also  to  changes  in  Bruch's  mem- 
brane, to  the  progress  of  inherited  retinal  degen- 
eration, and  to  the  development  of  macular 
degeneration  (see  Chapter  4,  5,  and  Chapter  9, 
"Photoreceptors,  Visual  Pigments,  and  Photo- 
transduction"). 

Improve  noninvasive  clinical  tests  for  RPE  func- 
tion (see  Chapter  13). 

Investigate  the  RPE  as  a  potential  source  of 
antigens  for  autoimmune  diseases  of  the  retina 
(see  Chapter  2,  "Inflammatory  Disorders"). 

Identify,  develop,  and  utilize  animal  models  to 
study  the  cellular  basis  of  RPE  disease,  especially 
as  it  relates  to  retinitis  pigmentosa  and  macular 
degeneration  (see  Chapter  4,  5,  and  Chapter  14, 
"Tissue  Acquisition  and  Distribution:  Human 
Donor  Eyes  and  Animal  Models"). 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 


RETINAL  PIGMENT  EPITHELIUM 


No.  of  Grants 
FY  1981 


Panel  Recommendation  FY  83 


Add.  Grants 


Total  Grants 


Program  Base 

A.  Investigate  molecular  mechanisms  underlying  the 
rhythmicity  and  control  of  RPE  phagocytosis  and 
metabolism. 

B.  Determine  the  anatomical  and  functional  relationships 
between  photoreceptors  and  the  RPE. 

Program  Development  Priorities 

A.  Analyze  special  aspects  of  RPE  transport.  Characterize 
biochemical  and  biophysical  properties. 

B.  Study  the  metabolism  of  the  RPE  with  particular 
emphasis  on  cell  isolation,  culture,  and  fractionation 
methods.  Explore  the  factors  which  control  the 
properties  and  functions  of  the  RPE. 

C.  Investigate  the  physiological  and  biochemical 
mechanisms  of  retinal  adhesion  and  subretinal  fluid 
resorption  and  their  relationship  to  retinal  detachment. 

D.  Examine  the  barrier  properties  of  the  RPE  and 
determine  if  these  properties  are  altered  in  disease. 

E.  Examine  the  effects  of  light,  age,  drugs,  and 
antioxidants  on  lipofuscin  in  the  RPE  cell. 

F.  Improve  noninvasive  clinical  tests  for  RPE  function. 

G.  Investigate  the  RPE  as  a  potential  source  of  antigens 
for  autoimmune  diseases  of  the  retina. 

H.  Identify,  develop,  and  utilize  animal  models  to  study 
the  cellular  basis  of  RPE  disease. 

Subtotal  Grants 
(°/o  of  Program) 

Total  Estimated  Cost 


0 

3 

1 
0 


24 
(6) 


$1,931,000 


3 
2 

[2]* 

2 
2 

3 

1 

[2]** 

13 

(12) 

$1,954,000 


2 

5 

4 

1 

[2]** 

37 
(8) 

$3,885,000 


*  Counted  in  Retinal  Detachment  and  Vitreous  Disorders 
subprogram.  See  Chapter  6. 

**  Counted  in  Developmental  and  Hereditary  Disorders  and 
Macular  Degeneration  subprograms.  See  Chapters  4  and  5. 
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PHOTORECEP- 
TORS, VISUAL 
PIGMENTS,  AND 
PHOTOTRANS- 
DUCTION 

INTRODUCTION 


THE  RETINAL  PHOTORECEPTOR  cells,  the 
rods  and  cones,  are  biological  transducers  that 
convert  the  light  absorbed  by  their  visual  pigment 
molecules  into  neural  (electrochemical)  signals. 
Complex  ionic  and  enzymatic  processes  greatly 
amplify  photoreceptor  responses;  other  ionic  and 
feedback  mechanisms  modify  the  size  and  shape  of 
the  signals  as  they  are  conveyed  to  the  photorecep- 
tor's synaptic  terminals,  where  the  visual  message  is 
transmitted  to  adjacent  bipolar  and  horizontal  cells 
for  further  processing. 

In  evolving  to  perform  these  tasks,  rods  and 
cones  have  become  both  the  most  highly  differenti- 
ated and  the  most  metabolically  active  cells  in  the 
visual  pathway.  They  are  frequently  the  first  cells  in 
the  visual  pathway  to  degenerate  or  die  from 
hereditary  defects  such  as  retinitis  pigmentosa, 
overexposure  to  light,  toxic  agents,  and  dietary 
inadequacies  such  as  vitamin  A  deficiency.  More- 
over, the  rate  at  which  photoreceptor  cells  age  may 
play  a  key  role  in  initiating  aging-related  maculop- 
athy,  which  is  a  leading  cause  of  blindness. 

Decades  of  research  have  produced  a  broad 
outline  of  the  primary  physiological  roles  and 
mechanisms  of  photoreceptors.  Indeed,  more  is 
known  about  the  role,  structure,  and  physiology  of 
rods  and  cones  than  about  any  other  type  of  cell  in 


the  brain.  Like  other  neurons,  photoreceptors  are 
unable  to  replace  themselves  by  cellular  division 
once  they  have  become  specialized,  and  they  rely 
totally  for  rejuvenation  upon  elaborate  mechanisms 
for  replacing  worn-out  cellular  components.  Re- 
cently, many  investigators  have  redirected  their 
research  on  physiological  functions  to  focus  more 
on  metabolic  processes,  especially  the  mechanisms 
by  which  the  cells  maintain,  repair,  and  renew  their 
structures.  Elegant  studies  have  revealed  many  of 
the  details  of  how  photoreceptors  renew  their  outer 
segments  by  continuously  inserting  newly  synthe- 
sized molecules  of  visual  pigment  near  the  ciliary 
"root"  and  discarding  older  "worn  out"  molecules 
by  periodically  shedding  the  tips  of  the  outer 
segments.  The  shed  fragments  are  then  phagocy- 
tized  and  digested  by  the  retinal  pigment  epithelium 
cells,  which  surround,  protect,  and  interact  with  the 
outer  segments.  An  understanding  of  these  mecha- 
nisms may  point  the  way  to  preventing  or  arresting 
the  degenerations  of  photoreceptors  that  underlie 
many  leading  causes  of  blindness,  such  as  aging- 
related  maculopathy  and  retinitis  pigmentosa. 

The  photoreceptors  interact  strongly  with  the 
cells  they  innervate  in  the  neural  retina,  and  they 
depend  vitally  on  the  cells  of  the  retinal  pigment 
epithelium,  which  provide  most  of  their  metabolic 
support  and  remove  and  process  most  of  their 
wastes  and  debris.  Disruption  of  this  metabolic 
relationship  can  have  severe  clinical  implications. 
Thus,  the  research  in  this  subprogram,  which  is 
directed  largely  at  gaining  a  basic  understanding  of 
the  structure,  physiology,  and  metabolism  of  the 
photoreceptors,  greatly  overlaps  the  concerns  of 
many  other  Retinal  and  Choroidal  Diseases  subpro- 
grams. 
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SUBPROGRAM 
OBJECTIVES 


To  determine  the  molecular  structure  and  func- 
tions of  photoreceptor  macromolecules,  mem- 
branes, and  organelles. 

To  elucidate  the  metabolic  mechanisms  by  which 
photoreceptors  maintain,  repair,  and  renew  their 
structures. 

To  characterize  the  major  physiological  func- 
tions of  photoreceptors  (transduction,  adaptation, 
and  synaptic  interactions)  in  terms  of  the  under- 
lying molecular  mechanisms. 

To  identify  the  structural  and  functional  differ- 
ences between  rods  and  cones,  particularly  as 
they  relate  to  diseases  that  affect  one  or  the  other 
cell  type. 

To  discover  the  genetic  factors  and  cell  interac- 
tions that  control  photoreceptor  growth,  differ- 
entiation, and  maintenance. 

To  discover  the  causes  of  photoreceptor  degener- 
ation and  develop  methods  for  preventing  or 
slowing  these  processes  and  facilitating  the  re- 
covery of  photoreceptor  function  after  injury 
(see  Chapter  4,  "Developmental  and  Hereditary 
Disorders"  and  Chapter  5,  "Macular  Degenera- 
tion"). 

To  develop  and  use  noninvasive  techniques  for 
better  assessing  photoreceptor  function  in 
humans  (see  Chapter  13,  "Noninvasive  Tech- 
niques   in    the    Study    of   Retinal    Disorders"). 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

The  National  Eye  Institute  supports  about  three- 
fourths  of  all  research  on  photoreceptors  performed 
in  the  United  States.  Other  Federal  agencies  support 
about  one-fifth  of  all  such  research,  and  private 
foundations  support  most  of  the  remainder.  In  FY 


1981,  the  National  Eye  Institute  funded  112  research 
projects  in  this  subprogram  at  a  total  cost  of 
$9,514,000.  The  focus  of  the  projects  supported  by 
the  National  Eye  Institute  concerned  the  normal 
physiological  function  of  photoreceptors,  the  photo- 
chemistry and  structure  of  rhodopsin  and  disc 
membranes,  and  the  metabolic  processes  that  main- 
tain photoreceptors.  The  projects  supported  by  the 
Air  Force  and  Army  emphasized  laser  effects  on 
photoreceptor  structure  and  physiology. 

Overall,  studies  of  photoreceptor  physiology  and 
rhodopsin  structure  and  function  were  well-support- 
ed and  were  making  excellent  progress.  Indeed, 
much  of  the  highest  quality  and  most  advanced 
research  that  is  sponsored  by  the  National  Eye 
Institute  is  in  this  area.  More  support  is  needed  for 
research  on  photoreceptor  metabolism,  especially 
for  studies  of  the  molecular  mechanisms  of  synthe- 
sis, repair,  and  renewal,  and  investigations  of  the 
environmental  and  nutritional  effects  on  photore- 
ceptor degeneration  and  aging. 


RECENT 
ACCOMPLISHMENTS 


For  many  years,  it  had  been  thought  that  light 
damages  the  retina  only  when  it  is  intense  enough  to 
heat  and  burn  the  tissue.  However,  about  16  years 
ago  Noell  and  his  colleagues  showed  that  albino  rats 
can  become  blinded  by  ordinary  room  lighting. ' 
Subsequent  studies  confirmed  this  finding  and 
helped  to  characterize  the  light  intensities,  wave- 
lengths, and  exposure  times  that  can  damage  the 
photoreceptors  and  retinal  pigment  epithelium  in 
rats,  monkeys,  and  many  other  animals.2-4  Blue 
light  is  more  damaging  to  the^photoreceptors  than 
longer  wavelength  light,5  and  in  primates,  cones 
appear  more  sensitive  to  light  toxicity  than  rods.  6 
The  light  levels  needed  to  damage  primate  photore- 
ceptors are  not  extraordinary;  monkeys  with  dilated 
pupils  who  have  been  surrounded  by  daylight 
fluorescent  lamps  for  12  hours  have  markedly 
disrupted  rod  and  cone  outer  segments  throughout 
the    macular    region    of   the    retina7    (Figure    1). 
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FIGURE  1.  Retinal  pigment  epithelium  (PE)  and  distal  portions  of 
photoreceptor  outer  segments  (OS)  of  the  macula  in  a  retina.  (A)  From 
patched  eye.  (B)  From  eye  exposed  to  24,700  lux.  Only  rod  outer  segments 
are  shown  in  the  micrograph  of  the  exposed  eye.  Vacuoles  associated 
with  membrane  lamellae  in  the  PE  were  distributed  irregularly  in  both 
exposed  and  unexposed  retinas  (X7100).  (From  Sykes  SM,  Robison  WG, 
Jr,  Waxier  M,  et  al:  Damage  to  the  monkey  retina  by  broad  spectrum 
fluorescent  light.  Invest  Ophthalmol  Vis  Set  20:425434,  1981). 


Intermittent  intense  light  can  be  even  more 
damaging  to  photoreceptors  than  continuous  light, 
and  blue-sensitive  cones  in  the  monkey  can  be 
selectively  killed  by  intermittent  exposures  to  in- 
tense blue  light. 6  Continuous  rather  than  intermit- 
tent exposure  to  blue  light  produces  extensive 
damage  of  the  retinal  pigment  epithelium,  but  little 
photoreceptor  degeneration.  These  studies  suggest 
that  the  blue-absorbing  chromophores  from 
bleached  or  bleaching  visual  pigments  may  help 
mediate  this  phototoxicity. 

Several  investigators  have  begun  to  examine 
whether  the  intense  lights  often  used  during  surgery 
might  contribute  to  the  incidence  and  severity  of 


chronic  cystic  maculopathy  that  can  follow  cataract 
operations.8-11  This  concern  was  discussed  at  a 
symposium  sponsored  by  the  National  Eye  Institute 
on  "Intense  Light  Hazards  in  Ophthalmic  Diagnosis 
and  Treatment,"  which  helped  to  outline  the  type  of 
research  needed  to  resolve  this  important  question. 4 
The  growing  awareness  of  the  damaging  effects 
of  blue  and  near-ultraviolet  light  on  the  retina  and 
retinal  pigment  epithelium  is  related  to  a  growing 
interest  in  the  damage  to  photoreceptors  produced 
by  oxidation  and  free  radicals.  Because  the  photore- 
ceptors necessarily  contain  pigments  to  absorb  light 
and  their  membranes  have  a  very  high  content  of 
polyunsaturated    fatty   acids,    these   cells   may   be 
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unusually  susceptible  to  damage  by  lipid  peroxida- 
tion. Blue  and  near-ultraviolet  light  can  readily 
produce  such  peroxides,  as  can  high  levels  of 
oxygen.  Rods  and  cones  contain  large  amounts  of 
vitamin  E  and  other  antioxidants,  which  may  help 
protect  them  against  the  inevitable  damage  sus- 
tained while  performing  their  normal  function  of 
detecting  light.12"16  The  questions  that  have  thus 
emerged  are:  Does  blue  and  near-ultraviolet  light 
accelerate  aging  and  degeneration  in  the  retina  and 
retinal  pigment  epithelium?  Do  aging-related  macu- 
lopathy  or  other  retinal  degenerations  result  from  or 
are  they  exacerbated  by  toxic  effects  of  light 
exposure? 17 

Major  advances  have  been  made  in  techniques  for 
culturing  cells  and  tissues  that  promise  to  facilitate 
greatly  research  on  photoreceptors.  For  example,  it 
has  been  shown  that  photoreceptors  can  continue 
the  shedding  process  in  an  eyecup  culture 18  and  that 
tissue  cultures  of  isolated  retinal  pigment  epithelium 
can  continue  to  phagocytize  shed  fragments  of  outer 
segments  in  the  absence  of  the  retina.  19,2°  Thus, 
both  the  shedding  and  the  phagocytosis  mechanisms 
can  be  studied  in  tissue  cultures,  where  these 
mechanisms  can  be  manipulated  with  drugs  as  well 
as  with  light,  and  also  can  be  more  readily  analyzed 
biochemically.  Moreover,  it  may  be  possible  soon  to 
culture  these  tissues  from  diseased  human  eyes  and 
thereby  gain  direct  access  to  the  cellular  and 
molecular  dysfunctions  involved  in  the  disease 
process. 

The  most  exciting  advance  in  photoreceptor 
physiology  during  the  past  few  years  has  been  the 
rapid  progress  in  elucidating  the  mechanisms  of 
excitation  and  adaptation.  (For  a  recent  summary 
see  reference  21.)  Single  photon  responses  of  rod 
outer  segments  have  now  been  detected.22-25  For 
more  than  30  years,  it  has  been  known  that  rods  can 
reliably  detect  single  photons  of  light,  and  during 
the  last  1 5  years,  numerous  invertebrate  photorecep- 
tors have  been  shown  to  produce  "quantum  bumps" 
(large  transient  membrane  currents  that  are  the  end 
result  of  the  powerful  amplifying  mechanism  a 
photon  of  light  initiates  on  being  caught  by  a 
rhodopsin  molecule).  (Figure  2). 

A  highly  useful  new  technique22  for  studying 
single  photon  responses  consists  of  sucking  an 
individual  rod  outer  segment  into  a  close-fitting 
glass  micropipette.  The  ionic  current  that  flows 
extracellularly  from  the  outer  segment  to  the  inner 
segment  can  thereby  be  monitored.  This  ionic 
current,  pumped  out  of  the  cell  by  Na+  pumps  in 
the  inner  segment,  flows  continuously  back  into  the 
cell  through  Na+  channels  located  in  the  plasma 
membrane  surrounding  the  outer  segment.  The 
effect  of  light  is  to  diminish  or  block  this  continuous 


"dark"  current  by  blocking  the  Na+  channels.  In  a 
dark-adapted  cell,  the  absorption  of  one  photon  by  a 
rhodopsin  molecule  triggers  an  excitatory  amplifica- 
tion mechanism  that  can  transiently  block  about  1 
percent  of  all  the  Na+  channels,  which  in  turn 
blocks  the  entry  of  some  10 7  Na+  ions. 26-27  It  is  this 
transient  reduction  in  Na+  current  that  can  be 
detected  directly  using  the  suction  electrode. 

This  new  technique  has  opened  the  way  for  a 
wide  range  of  studies  of  the  excitatory  and  adapta- 
tion mechanisms.  For  example,  rods  sporadically 
produce  spontaneous  (thermal)  responses  in  the  dark 
whose  rate  of  occurrence  closely  matches  the 
intensity  of  the  psychophysical^  inferred  "dark 
light"  that  sets  the  limit  of  human  visual  sensitivity 
in  a  fully  dark  adapted  subject. 28"31  These  responses 
are  probably  generated  by  spontaneous  (thermal) 
isomerizations  of  the  chromophore  of  rhodopsin. 
Because  there  are  more  than  10*  rhodopsin  mole- 
cules per  human  rod,  such  thermal  isomerizations 
must  be  exceedingly  infrequent,  occurring  at  a  rate 
of  once  every  1,000  years  per  rhodopsin  molecule. 
This  great  stability  of  the  chromophore  against 
thermal  isomerization  when  it  is  bound  to  the 
protein  (opsin),  together  with  the  high  probability 
that  it  will  isomerize  when  it  does  catch  a  photon,  is 
the  molecular  basis  for  the  remarkable  ability  of 
photoreceptors  to  detect  single  photons  of  light 
reliably  and  efficiently. 

The  way  in  which  the  protein  (opsin)  can  both 
stabilize  the  chromophore  against  thermal  isomeri- 
zation and  yet  enable  the  chromophore  to  isomerize 
efficiently  after  it  catches  a  photon  is  not  yet 
known.  However,  rapid  progress  has  been  made  in 
understanding  the  molecular  details  that  regulate 
the  wavelength  sensitivity  of  visual  pigments  as  well 
as  the  mechanism  of  photoisomerization.  The  use  of 
chemically  modified  analogues  of  retinal,  together 
with  theoretical  computations,  has  permitted  the 
development  of  a  detailed  model  for  the  way  in 
which  charged  groups  in  the  protein  can  alter  the 
peak  absorption  wavelength  of  the  chromo- 
phore.32-33 

The  photoisomerization  process  has  been  clarified 
by  employing  Raman  spectroscopy,  high-speed 
flash  photometry,  and  deuterated  analogues  of 
retinal.  The  result  has  been  to  verify  and  refine  the 
original  cis-trans  isomerization  process  proposed  by 
Hubbard  and  Kropf. 34  It  now  appears  that  the  first 
spectral  transition  in  the  rhodopsin  cycle,  the 
formation  of  bathorhodopsin,  represents  the  conver- 
sion of  the  chromophore  to  a  twisted  all-trans 
configuration. 35  Photocalorimetric  measurements 
indicate  that  more  than  60  percent  of  the  energy  of 
the  photon  is  stored  by  the  chromophore  in  this 
twisted  configuration. 36  The  twisted  configuration 
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FIGURE  2.  Response  of  a  rod  outer  segment  to  steady  light  of  different 
intensities  as  recorded  with  a  suction  electrode.  Single  photon  responses 
are  evident  at  the  lowest  light  intensities  (photon  jim  2  sec  '  of  500  nm 
light).  (From  Baylor  DA,  Lamb  TD,  Yau  K-W-  J  Physiol  288:613635, 
1979.) 
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relaxes  as  a  later  stage  in  the  cycle  (meta  I)  is 
reached. 37  The  isomerization  of  the  chromophore 
clearly  induces  some  small  changes  in  the  conforma- 
tion of  the  protein,38"42  and  at  least  one  probable 
role  for  these  conformational  changes  is  to  activate 
various  enzymes. 

Rhodopsin  is  now  known  to  activate  at  least  three 
different  enzymes,  a  GTPase, 43_4S  a  phosphodies- 
terase, *6'41  and  a  kinase. 48-49  Rapid  progress  is  being 
made  in  characterizing  these  enzymes,  their  roles, 
and  their  interactions.  (For  a  recent  overview  see 
reference   21.)   Current   evidence   indicates  that  a 


photoactivated  rhodopsin  molecule  may  transiently 
bind  a  GTP-binding  protein  complex  which  is 
otherwise  free  to  diffuse  on  the  membrane  surface. 
After  interacting  with  the  rhodopsin,  this  complex 
appears  to  activate  the  phosphodiesterase.43-45 
Phosphodiesterase,  in  turn,  rapidly  hydrolyzes 
cGMP,  significantly  lowering  the  local  concentra- 
tion of  cGMP  in  the  outer  segment.  The  kinase 
activated  by  rhodopsin  is  the  slowest  acting  of  the 
three  enzymes. 48  It  phosphorylates  rhodopsin  and 
thus  may  play  a  role  in  turning  off  the  excitatory 
process   or   participate   in   an   adaptation   process. 
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There  is  evidence  that  the  enzyme  cascade,  which 
lowers  the  cGMP  concentration,  is  involved  direct- 
ly in  the  excitation  pathway,  making  cGMP  one  of 
the  internal  messengers  that  regulates  the  Na  + 
channels  (Figure  3).  However,  a  recent  observa- 
tion50 indicates  that  the  rate  at  which  the  cGMP 
level  falls  after  flash  stimulation  may  be  too  slow  for 
cGMP  to  act  as  an  excitatory  signal.  Thus,  the 
precise  role  of  the  enzyme  cascade  remains  to  be 
established. 


hv 
Rhodopsin 'w^  Rhodopsin  *  (meta  II?) 

N  +  H  —  (N  +  H)* 

+GTP  ^ 


PDE  ^^PDE* 

rGMP  — GMP 


FIGURE  3.  Enzyme  cascade  activated  by  rhodopsin  that  lowers  cGMP 
level  in  rod  outer  segments.  (N  is  a  GTP-binding  protein,  H  is  a  'helper' 
protein,  PDE  is  a  phosphodiesterase). 


New  evidence  has  been  found  to  support  the 
claim  that  calcium  ion  (Ca++)  is  at  least  one  of  the 
excitatory  transmitters  released  by  rhodopsin.  Yo- 
shikami  and  Hagins  proposed  this  role  for  Ca++ 
over  ten  years  ago,  but  despite  intensive  efforts  the 
light-activated  release  of  calcium  ions  from  rod 
discs  required  by  this  hypothesis  was  not  demon- 
strated unequivocally. 51  However,  by  placing  a 
retina  on  the  surface  of  a  Ca++  sensitive  electrode, 
investigators  have  recently  discovered  that  large 
quantities  of  Ca++  are  released  from  the  outer 
segments  (into  the  extracellular  space)  immediately 
following  flash  illumination:  a  single  rhodopsin 
molecule  can  initiate  the  release  of  more  than  10" 
Ca++  ions  from  the  outer  segment.52  Moreover, 
other  investigators,  have  shown  that  the  time  course 
of  the  Ca++  release  can,  under  some  conditions, 
closely  match  the  time  course  of  the  receptor 
potential.53  Because  cytoplasmic  Ca++  can  block 
the  Na+  channels,  54_56it  appears  likely  that  rhodop- 
sin somehow  initiates  the  release  of  a  large  amount 
of  Ca++  into  the  cytoplasm.  Whether  this  Ca++  is 
released  from  inside  the  discs  is  still  unknown,  and 
the  possibility  that  cytoplasmic  Ca++  is  enzymatical- 
ly  mobilized  remains  to  be  examined.  The  recently 
discovered  Na  +  /Ca++  exchanger  in  the  plasma 
membrane  is  probably  responsible  for  pumping  the 
Ca++   out   of  the   outer   segment57,58  (Figure   4). 

Thus,  although  many  details  remain  to  be  worked 
out,  the  burst  of  discoveries  of  these  past  few  years 
suggests  that  many  of  the  persistent  fundamental 
questions  concerning  phototransduction  will  soon 
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FIGURE  4.  Diagram  to  illustrate  some  organelles  of  the  rod  photorecep- 
tor and  the  approximate  distribution  of  some  of  the  ion  channels,  pumps, 
and  exchangers  in  the  plasma  membrane. 

be  answered.  The  ion/nucleotide/  enzyme  systems 
now  being  investigated  in  photoreceptors  are  em- 
ployed by  all  types  of  eukaryotic  cells  in  performing 
their  physiological  functions;  thus,  the  rapidly  pro- 
gressing research  on  rods  and  cones  should  have 
broad  application  to  vision  research  and  cell  physi- 
ology in  general. 

Substantial  progress  continues  to  be  made  in 
investigations  of  photoreceptor  structure,  biochem- 
istry, and  metabolism — basic  research  accomplish- 
ments that  will  be  needed  for  a  full  understanding  of 
how  the  photoreceptors  are  maintained  in  a  healthy 
state  and  how  they  are  perturbed  by  pathological 
processes  that  end  their  normal  function.  The 
carbohydrate  structure  of  rhodopsin  has  been  com- 
pletely elucidated  within  the  last  five  years,  59,6°  and 
major  progress  has  been  made  in  determining  the 
primary  amino  acid  sequence  of  rhodopsin, 61  the 
configuration  of  the  molecule,42,62  and  its  orienta- 
tion within  the  disc  membrane 63  (Figure  5). 

The  molecular  components  of  the  photoreceptors 
are  under  continuous  and  vigorous  renewal  (see 
Chapter  8,  "Retinal  Pigment  Epithelium")  and  the 
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FIGURE  5.  A  model  for  the  location  and  structure  of  rhodopsin  in  rod 
cell  disk  membrane.  Rhodopsin  is  shown  as  an  elongated  bundle  of  7 
helices.  Half  of  rhodopsin's  mass  is  embedded  in  the  lipid  bilayer.  The  rest 
is  distributed  equally  at  each  aqueous  surface  as  shown  in  the  diagram  by 
the  regions  of  polypeptide  chain  connecting  the  helices.  Rhodopsin's 
chromophore,  11-cis  retinal,  is  shown  in  a  pocket  formed  by  several 
helices  and  attached  to  its  lysine-binding  site  in  the  carboxyl  terminal  helix. 
The  carboxyl  terminal  faces  the  cytoplasmic  surface.  The  amino  acid 
sequence  in  rhodopsin  has  no  statistical  relationship  to  the  sequence  in 
bacterial  rhodopsin.  However,  the  gross  structural  features  of  these  two 
different  proteins  are  obviously  similar.  The  most  striking  difference  is  the 
increased  length  of  the  aqueous  connector  chains  in  rhodopsin,  and  it  is 
light-induced  conformational  changes  in  these  connector  chains  that  help 
activate  the  light-dependent  biochemical  changes  in  the  rod  cell. 


synthesis  of  glycoproteins  and  lipids  destined  for  the 
outer  segment  is  prodigious.  The  pathway  by  which 
membrane  proteins  are  transported  from  synthesis 
sites  in  the  rough  endoplasmic  reticulum  and  Golgi 
zone  to  their  assembly  site  near  the  base  of  the 
connecting  cilium  has  been  described.  Investigations 
of   the    region    near    the    connecting    cilium    are 


underway  to  determine  how  the  photoreceptor 
controls  the  distribution  of  rhodopsin  once  it  is 
incorporated. 64  Studies  of  disc  development  have 
led  to  an  explicit  model  for  disc  morphogenesis  in 
which  the  disc  surfaces  and  disc  rims  develop  by 
separate  processes  of  growth  from  the  plasma 
membrane  of  the  cilium. 65  This  model  may  provide 
a  developmental  basis  for  the  finding  that  a  large 
molecular  weight  integral  membrane  protein  is 
confined  to  the  disc  rim,66  whereas  rhodopsin  is 
highly  mobile  and  free  to  roam  within  the  disc 
membrane. 

Some  of  the  many  other  advances  in  research  on 
photoreceptors  include  the  following:  demonstra- 
tion that  electrically  excited  K  +  channels  participate 
in  the  transmission  (and  modification)  of  the  recep- 
tor potential  as  it  travels  along  the  cell  toward  the 
synaptic  ending,67  evidence  for  the  presence  and 
possible  role  of  electrically  excited  Ca  +  +  channels  in 
the  synaptic  ending,68  and  progress  in  identifying 
the  synaptic  transmitter69'70  and  synaptic  interac- 
tions, including  the  signal  "pooling"  most  likely 
mediated  by  gap  junctions  that  electrically  couple 
receptors  of  a  given  class. 71-72 

Finally,  a  surprising  new  finding  has  come  from 
human  psychophysical  research.  Using  the  Stiles- 
Crawford  effect  to  detect  photoreceptor  orientation, 
investigators  have  recently  found  that  if  the  pupil  is 
artifically  displaced,  the  photoreceptors  realign  to 
point  toward  the  new  position  of  the  displaced 
pupil.  Thus,  human  receptors  appear  to  be  photo- 
tropic,  actively  aligning  themselves  with  their 
source  of  light. 73  The  mechanism  of  this  phototro- 
pism  is  unknown  but  may  be  related  to  the  striking 
photomechanical  movements  made  by  both  rods 
and  cones  in  cold-blooded  animals.  When 
inactive — rods  during  the  day,  cones  during  the 
night — the  outer  segments  appear  to  protect  them- 
selves from  light  by  moving  deep  into  the  melanin- 
containing  pigment  epithelium.  When  the  photore- 
ceptors are  active,  the  outer  segments  move  to  the 
surface  of  the  retinal  pigment  epithelium  where  they 
can  best  catch  the  light. 
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RESEARCH  NEEDS 
AND  OPPORTUNITIES 

Photoreceptor  Metabolism 

Traditionally,  most  research  on  photoreceptors  has 
been  concerned  with  structure  and  physiological 
functions.  However,  in  the  last  few  years,  interest 
has  rapidly  increased  in  research  on  photoreceptor 
metabolism,  especially  the  shedding  process  that 
results  in  the  renewal  of  disc  outer  segment  mem- 
branes. Concurrently,  investigations  of  the  toxicity 
of  light  and  research  on  diseases  involving  photore- 
ceptors have  made  increasingly  obvious  the  need  to 
know  far  more  about  the  fundamental  metabolic 
processes  in  the  photoreceptors.  Questions  that  need 
answers  include:  What  molecules  "wear  out"  or 
become  damaged?  How  is  such  molecular  wear  and 
tear  detected?  How  are  both  the  size  and  the 
composition  of  a  functioning  structure  like  the  outer 
segment  maintained  while  the  structure  itself  is 
being  replaced?  What  regulatory  feedback  loops 
determine  the  rates  of  synthesis  and  shedding? 
Where  is  the  "clock"  that  regulates  the  periodicity 
of  disc  shedding?  What  are  the  respective  roles  of 
cytoplasmic  and  nuclear  factors  in  metabolic  con- 
trol loops?  How  are  the  genes  informed  of  the 
results  of  their  expression?  This  brief  and  incom- 
plete list  merely  suggests  the  wide  range  of  ques- 
tions about  normal  and  abnormal  photoreceptor 
metabolism  that  can  be  or  are  being  investigated. 
Answers  to  such  questions  undoubtedly  will  in- 
crease understanding  of  the  mechanisms  underlying 
the  most  important  diseases  and  degenerations  of 
visual  receptors. 

A  few  clues  about  the  wearing  out  process  in  the 
outer  segment  recently  have  been  discovered  in 
research  on  amphibian  photoreceptors.  Single 
photon  responses  (quantum  bumps)  are  slower  when 
the  light  is  absorbed  in  the  distal  tip, 24  the  birefrin- 
gence of  the  outer  segment  varies  discontinuously 
along  its  length,74-75  and  exposure  to  light  acceler- 
ates the  rate  of  outer  segment  assembly  and  triggers 
the  shedding  process. 76  Many  new  techniques  have 
become  available  for  pursuing  such  problems,  espe- 
cially the  techniques  of  cell  and  tissue  culture,  and 
cell  separation  and  sorting.  Moreover,  powerful 
new  methods  for  studying,  as  well  as  employing, 
nucleic  acids  are  just  beginning  to  be  applied  to 
research  on  the  metabolism  of  visual  receptors.  One 
objective  will  be  to  isolate  the  gene  that  codes  for 
rhodopsin,  determine  its  nucleotide  sequence,  estab- 
lish whether  untranslated  regions  exist  within  the 
gene,  and  examine  the  relationship  between  the 
genes  of  rhodopsin  and  cone  visual  pigments.  With 
the  successful  isolation  of  opsin  mRNA,  for  the  first 
time  direct  genetic  studies  of  visual  pigment  struc- 
ture and  its  genomic  organization  can  be  performed. 


Phototoxicity 

Most  rod  and  cone  degenerations  almost  certainly 
involve  some  defect  in  a  metabolic  pathway  and/or 
the  inability  of  repair  mechanisms  to  overcome 
some  increasing  source  of  damage.  Considerable 
evidence  now  suggests  that  the  rate  of  photorecep- 
tor and  macular  degenerations  can  be  greatly 
accelerated  by  light  and  that  light  becomes  even 
more  toxic  when  nutritional  deficiencies  reduce  the 
effectiveness  of  metabolic  repair  and  defense  mecha- 
nisms. 

Phototoxic  damage  is  almost  always  greatest  in 
the  central  retina,7,17  perhaps  because  both  the 
density  of  photoreceptors  and  the  flux  of  light 
falling  on  the  retina  are  greatest  in  the  region 
surrounding  the  optical  axis  of  the  eye.  The  similari- 
ties between  phototoxic  damage  to  the  retina  and 
aging-related  maculopathy  make  further  research 
mandatory  on  the  degree  to  which  light  exposure 
accelerates  aging  and  degeneration  in  the  macula. 
Indeed,  a  recent  epidemiological  study  suggests  that 
the  prevalence  of  macular  degeneration  is  lower  in 
people  with  nuclear  lens  opacities  that  filter  the 
light  reaching  the  retina. 77  Additional  epidemiolog- 
ical studies  are  needed  to  assess  the  importance  of 
light  exposure  in  influencing  the  rate  at  which 
macular  degeneration  develops  in  the  aging  retina. 
The  influence  of  occupation  and  geographic  loca- 
tion should  also  be  examined.  Aging  of  the  skin  is 
accelerated  by  exposure  to  the  blue  and  near- 
ultraviolet  light  of  the  sun, 78  and  epidemiological 
studies  suggest  that  prevalence  of  cataracts  and 
corneal  abnormalities  is  higher  in  locations  with 
large  amounts  of  sunlight. 79  It  is  not  known, 
however,  whether  the  same  holds  true  for  macular 
degenerations  of  the  retina.  Are  aphakics  more 
susceptible  than  those  with  lenses  to  damage  by 
light  from  the  far  blue  portion  of  the  spectrum?  Is 
the  blue  and  near-ultraviolet  light  emitted  by  arc 
and  fluorescent  lights  safe  for  our  eyes?  "• 1- 80 

Nutritional  Deficiencies 

One  of  the  most  likely  mechanisms  for  phototoxicity 
in  the  photoreceptors  is  photooxidation  of  lipids  and 
other  molecules.  The  photoreceptors  contain  unusu- 
ally high  concentrations  of  polyunsaturated  phos- 
pholipids, which  are  particularly  sensitive  to  oxida- 
tion. Rods  and  cones  also  contain  high  concentra- 
tions of  vitamin  E  as  well  as  several  other  antioxi- 
dants. ia  14  Thus,  it  is  not  surprising  that  nutritional 
deficiencies  that  deplete  these  protective  agents  can 
produce  photoreceptor  degeneration  and  can,  in  the 
case  of  vitamin  E,  increase  the  susceptibility  of 
receptors  to  light  toxicity.  Diets  deficient  in  vita- 
mins A  and  E,  taurine,  selenium,  and  zinc  all  lead  to 
photoreceptor  degenerations  in  animals  and/or 
humans. 15-81-84 
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Several  studies  with  animals  have  shown  that 
melanin,  especially  the  melanin  of  the  iris,  helps 
diminish  the  level  of  phototoxic  damage  to  the 
photoreceptors  by  screening  them  from  some  of  the 
ambient  light  and  perhaps  by  reducing  the  number 
of  toxic  molecules  generated  by  visual  pigment 
chromophores. 85, 86  The  yellow  macular  pigment 
protects  the  central  retina  from  blue  light.  This 
pigment  can  be  depleted  in  monkeys  fed  a  diet 
deficient  in  xanthophyll,  and  such  monkeys  soon 
develop  a  higher  incidence  of  macular  abnormali- 
ties. 87 

It  is  important  to  know  the  dietary  levels  of 
vitamin  E,  vitamin  A,  selenium,  zinc,  or  xanthophyll 
that  will  optimally  maintain  photoreceptors  and 
minimize  macular  degeneration.  In  particular,  the 
optimal  dietary  intake  of  such  micronutrients  for 
older  people  is  unknown.  Even  though  it  is  likely 
that  optimal  intake  levels  vary  widely  from  one 
individual  to  another,  there  should  be  some  practi- 
cal way  for  individuals,  other  than  those  already 
suffering  from  a  recognized  nutritional  deficiency, 
to  find  out  whether  nutritional  supplements  are 
indicated.  Optimal  micronutrient  levels  in  people 
with  aging-related  maculopathy  are  also  unknown. 
Hence,  despite  the  strongly  suggestive  studies  with 
animals,  little  is  known  about  how  dietary  deficien- 
cies may  affect  the  incidence  and  progression  of 
aging-related  maculopathy. 

Photoreceptor  Retinal  Pigment  Epithelium 
Interactions 

The  photoreceptors  depend  vitally  on  the  retinal 
pigment  epithelium:  when  the  retina  becomes  de- 
tached, the  photoreceptors  may  degenerate  (see 
Chapter  6,  "Retinal  Detachment  and  Vitreous  Dis- 
orders" and  Chapter  8).  Investigators  are  only 
beginning  to  discover  the  many  ways  in  which  the 
photoreceptors  interact  with  the  retinal  pigment 
epithelium.  Some  information  about  how  vitamin  A 
is  stored  and  transferred  back  and  forth  between  the 
photoreceptors  and  the  retinal  pigment  epithelium 
has  been  gained,  including  some  recent  advances  in 
characterizing  the  carrier  (binding)  proteins  for  this 
oil-soluble  vitamin.88,89  Less  is  known  about  the 
exchange  of  other  metabolites  and  nutrients,  such  as 
vitamin  E. 90  Nor  is  much  known  about  how  the 
"indigestible,"  potentially  toxic,  debris  shed  by  the 
photoreceptors  affects  the  aging  and/or  degenera- 
tion of  the  retinal  pigment  epithelium  cells.  Because 
these  cells  must  engulf  so  much  debris  from  the 
photoreceptors,  it  is  entirely  possible  that  some 
types  of  retinal  pigment  epithelium  degeneration 
may  be  due  to  the  excessive  accumulation  of  toxic 
materials  shed  by  the  photoreceptors,  even  though 
the  photoreceptors  may  otherwise  appear  entirely 
healthy. 


Recently,  photoreceptors  have  been  shown  to  be 
autophagic  (like  most  other  cells),  taking  in  and 
digesting  some  of  their  own  components. 91  This 
information  raises  questions,  such  as:  Why  do  the 
photoreceptors  shed  their  discs?  How  do  the  photo- 
receptors regulate  the  point  of  detachment  of  the 
distal  tips  and  make  the  clump  of  discs  they  shed 
"tasty"  for  retinal  pigment  epithelial  cells  while 
keeping  the  rest  of  the  outer  segment  "unpalatable"? 

Photoreceptor  Physiology 

Research  on  the  physiology  of  photoreceptors  is 
progressing  at  an  excellent  pace.  In  the  next  few 
years,  the  roles  of  rhodopsin  in  excitation  and 
adaptation  are  likely  to  be  elucidated  and  the  role  of 
Ca++  determined.  In  all  cells,  Ca++  and  cyclic 
nucleotides  are  closely  coupled,  but  the  nature  of 
this  coupling  in  photoreceptors  is  unknown.  Numer- 
ous enzyme  pathways  need  to  be  characterized  and 
their  role  in  excitation  and  adaptation  determined. 
Much  more  study  of  ion  movements  is  needed  to 
answer  questions,  such  as:  How  are  Na  +  ,  K  +  , 
Ca  +  +  ,  and  other  ion  channels,  exchangers,  and 
pumps  distributed  throughout  the  photoreceptor 
membranes?  How  do  ion  movements  contribute  to 
signal  processing  and  signal  transmission?  The  loca- 
tion of  the  ouabain-sensitive  Na+  pump  has  now 
been  demonstrated  with  radioautography, 92  and 
recent  evidence  suggests  that  Ca  +  +  is  pumped  out  of 
the  outer  segment  by  a  Na  +  /Ca++  exchanger.57,58 
Many  more  such  studies  will  be  needed  before  the 
electrophysiology  of  the  photoreceptors  is  fully 
understood.  Finally,  much  remains  to  be  learned 
about  signal  processing  by  the  synapse.  The  chemi- 
cal transmitters  employed  by  photoreceptors  must 
be  identified,  and  the  way  in  which  they  are 
synthesized,  packaged,  released,  and  inactivated 
studied.  The  new  techniques  for  isolating  and 
recording  from  single  cells,  and  even  from  small 
patches  of  membrane  sealed  to  the  tip  of  the 
microelectrode,  should  prove  of  great  value  in  this 
effort. 

Structure  and  Dynamics 

Despite  its  apparent  structural  simplicity,  the  photo- 
receptor outer  segment  is  a  highly  sophisticated  and 
complex  structure.  Techniques  are  needed  to  delin- 
eate this  structure  at  the  molecular  level.  The  use  of 
monoclonal  antibodies  seems  particularly  valuable 
for  locating  and  identifying  the  roles  of  the  dozens 
(or  more)  structural  molecules  in  the  outer  segment 
and  cilium.  Deep-etch  freeze  fracture  and  high 
voltage  EM  may  greatly  improve  the  spatial  resolu- 
tion of  molecular  locations.  The  use  of  fluorescent 
labels   should   aid   in   detecting   some   of  the   key 
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molecular  motions  such  as  the  interactions  between 
rhodopsin  and  the  enzymes  it  activates. 

Advances  in  Raman  spectroscopy  and  peptide 
sequencing  should  permit  considerable  advances  in 
determining  the  structure  of  the  chromophore  site 
and  the  way  it  shifts  the  absorption  spectrum. 
Moreover,  sequencing  and  labeling  techniques 
should  continue  to  expand  knowledge  of  the  struc- 
ture of  rhodopsin.  Finally,  comparisons  between 
rhodopsin  and  its  bacterial  analogs,  bacteriorhodop- 
sin  and  halorhodopsin,  may  provide  valuable  in- 
sights about  both  the  structure  and  function  of  these 
membrane  proteins. 


and  suggest  ideas  for  slowing  or  preventing  macular 
degenerations.  The  recent  advances  in  techniques 
for  culturing  animal  tissues  and  cells  should  greatly 
facilitate  the  development  of  methods  for  culturing 
tissues  and  cells  from  diseased  human  retinas,  and 
lead  to  progress  in  understanding  the  molecular  and 
cellular  basis  of  these  human  diseases.  Short-lived 
(fast  aging)  animals  may  provide  models  for  the 
study  of  aging-related  changes  in  retinal  processes. 


RECOMMENDATIONS 


Adaptation  Mechanisms 

Research  on  photoreceptors  is  far  ahead  of  research 
on  other  cells  in  characterizing  the  physiological 
roles  of  adaptation  (regulatory)  mechanisms.  Be- 
cause different  rods  and  cones  have  significantly 
different  adaptation  characteristics,  comparisons  be- 
tween the  ion/nucleotide/enzyme  systems  in  rods 
and  cones  may  reveal  general  features  that  will  be 
useful  in  understanding  these  systems  in  other  types 
of  cells.  Comparison  of  the  kinetics  of  ion/nucleo- 
tide/enzyme systems  with  the  frequency  and  ampli- 
tude of  the  photoreceptor's  light  response  should 
help  determine  which  chemical  reactions  play  a 
direct  role  in  visual  excitation. 


Animal  Models 

More  extensive  morphologic  studies  must  be  en- 
couraged to  establish  the  pathological  base  against 
which  experimental  models  of  human  retinal  dis- 
eases can  be  appropriately  compared.  Some  of  the 
photoreceptors  in  these  diseased  retinas  are  capable 
of  relatively  normal  function  and  structure  for  many 
years  prior  to  the  clinical  onset  of  visual  loss. 
Altered  photoreceptor  sensitivity  can  be  demon- 
strated using  improved  physiological  tests  in  youn- 
ger patients  who  are  unaware  of  visual  loss.  Paral- 
lels with  slow-onset  neurological  disorders,  includ- 
ing Huntington's  chorea,  and  various  degenerative 
brain  diseases  should  be  considered. 

The  need  for  more  animal  models  is  obvious 
considering  what  information  already  has  been 
provided  by  such  models,  such  as  the  discovery  of 
light  toxicity  in  the  rat,  an  animal  far  more 
susceptible  to  this  problem  than  humans.  Deficien- 
cies in  phosphodiesterase  activity  recently  have 
been  discovered  in  two  different  animals  (mouse  and 
dog)  with  hereditary  diseases  of  the  retina,93,94  and 
this  suggests  that  such  deficiencies  may  occur  in 
human  retinal  diseases.  Aging  undoubtedly  plays  a 
role  in  the  development  of  macular  degeneration; 
and  there  is  a  great  need  for  longitudinal  studies  of 
human  aging  to  characterize  changes  in  metabolism 


Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Photoreceptors,  Visual  Pig- 
ments, and  Phototransduction,"  the  Panel  has  made 
the  following  recommendations  concerning  re- 
search in  this  subprogram  over  the  next  five  years. 
These  have  been  grouped  under  two  headings: 
Program  Base  and  Program  Development  Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NTH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research   grants   in    these   areas   are   forthcoming. 

Program  Base 

■  Investigate  the  photochemical  events  of  visual 
excitation  by  chemical,  biochemical,  and  bio- 
physical studies  of  the  visual  pigments. 

■  Characterize  the  macromolecular  constituents  of 
photoreceptor  membrane  systems  to  establish  the 
orientation  and  interactions  of  rhodopsin  and 
other  key  protein  and  lipid  components  and  to 
delineate  the  role  of  the  membrane  microenviron- 
ment  in  modulating  physiologic  function. 

■  Investigate  the  phototransduction  process,  em- 
phasizing research  that  characterizes  the  perti- 
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nent  biochemical   and   metabolic  events  at  the 
molecular  level. 

■  Characterize  the  adaptation  mechanisms  that 
regulate  the  photoreceptor  threshold,  speed  of 
response,  and  dynamic  range,  stressing  investiga- 
tions at  the  molecular  level.  Compare  the  ion/ 
enzyme/nucleotide  systems  in  photoreceptors 
with  different  adaptation  characteristics. 

■  Investigate  the  role  and  mechanisms  of  synaptic 
interactions  between  photoreceptors  and  the  cells 
they  innervate  (see  Chapter  10,  "Retinal  Organi- 
zation, Neurotransmission,  and  Adaptation"). 

Program  Development  Priorities 

■  Investigate  photoreceptor  metabolism,  its  con- 
trol, and  metabolic  interactions  with  the  retinal 
pigment  epithelium,  particularly  vitamin  A  and 
nucleotide  metabolism,  membrane  biosynthesis 
and  degradation,  and  protein  phosphorylation 
(see  Chapter  8). 

■  Investigate  environmental  (for  example,  light 
exposure),  nutritional  (for  example,  vitamin 
intake),  and  other  factors  that  may  affect  the 


quality  of  photoreceptor  function  and  the  rate  of 
photoreceptor  degeneration  and  aging  (see  Chap- 
ters 4,  5,  and  8). 

Use  existing  animal  models  of  human  photorecep- 
tor degenerative  disorders  and  develop  new 
models  in  systematic  attempts  to  prevent  or  slow 
the  degenerative  processes  (see  Chapters  4  and  5; 
and  Chapter  14,  "Tissue  Acquisition  and  Distri- 
bution: Human  Donor  Eyes  and  Animal 
Models"). 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 


PHOTORECEPTORS,  VISUAL  PIGMENTS, 
AND  PHOTOTRANSDUCTION 


No.  of  Grants 
FY  1981 


Panel  Recommendation  FY  83 


Add.  Grants 


Total  Grants 


Program  Base 

A.  Investigate  the  photochemical  events  of  visual 
excitation  by  means  of  chemical,  biochemical,  and 
biophysical  studies. 

B.  Characterize  photoreceptor  membrane  systems. 

C.  Investigate  the  phototransduction  process. 

D.  Characterize  the  adaptation  mechanisms  that  regulate 
the  photoreceptor  threshold,  speed  of  response,  and 
dynamic  range. 

E.  Investigate  the  role  and  mechanism  of  synaptic 
interactions  between  photoreceptors  and  the  cells  they 
innervate. 

Program  Development  Priorities 

A.  Investigate  photoreceptor  metabolism,  its  control,  and 
metabolic  interactions  with  the  RPE. 

B.  Investigate  environmental,  nutritional,  and  other 
factors  that  may  affect  the  quality  of  photoreceptor 
function,  degeneration,  and  aging. 

C.  Use  animal  models  in  attempts  to  prevent  or  slow 
down  photoreceptor  degenerative  processes. 

Subtotal  Grants 
(%  of  Program) 

Total  Estimated  Cost 


23 

21 
31 

8 


18 

4 


112 
(29) 

$9,514,000 


3 
3 

[2]* 

0 
(0) 

$2,246,000 


21 

20 
28 


21 

7 


112 

(23) 

$11,760,000 


•Counted  in  Developmental  and  Hereditary  Disorders 
subprogram.  See  Chapter  4. 
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RETINAL 
ORGANIZATION, 
NEUROTRANS- 
MISSION, AND 
ADAPTATION 

INTRODUCTION 

THE  RETINA  IS  far  more  than  an  array  of 
photoreceptors.  In  addition  to  rods  and  cones,  it 
contains  at  least  five  types  of  other  nerve  cells 
(neurons),  which  begin  the  processing  of  visual 
information.1  A  substantial  amount  of  neural  pro- 
cessing occurs  within  the  retina;  in  fact,  the  basic 
response  properties  of  neurons  throughout  the 
visual  system,  responding  to  the  onset  and/or 
cessation  of  illumination  depending  on  the  nature 
and  position  of  the  light  stimuli,  is  established  within 
the  retina.2 

The  retina  consists  of  three  cellular  layers.  The 
distal-most  (outer  nuclear)  layer  contains  the  cell 
bodies  (perikarya)  of  the  photoreceptors;  the  middle 
(inner  nuclear)  layer  consists  of  the  perikarya  of 
both  second-order  neurons  (bipolar  and  horizontal 
cells)  and  third-order  neurons  (amacrine  and  inter- 
plexiform  cells);  and  the  innermost  cellular  layer 
contains  the  perikarya  of  the  third-order  ganglion 
cells,  whose  axons  run  along  the  surface  of  the 
retina  to  the  optic  disc  where  they  leave  the  eye  as  a 
bundle  within  the  optic  nerve. 

Between  the  cellular  layers  of  the  retina  are  two 
synaptic  or  plexiform  layers,  where  the  processes  of 
the  various  retinal  cells  make  junctions,  or  synapses, 
with  one  another.  Within  each  plexiform  layer,  the 
processes    of   four    cell    types    can    interact.    For 


example,  in  the  outer  plexiform  layer  there  are 
processes  of  photoreceptor,  bipolar,  horizontal,  and 
interplexiform  cells,  whereas  the  inner  plexiform 
layer  contains  the  processes  of  bipolar,  amacrine, 
interplexiform,  and  ganglion  cells.  All  visual  infor- 
mation passes  from  one  set  of  neurons  to  another  at 
least  twice  within  the  retina.  This  takes  place 
exclusively  within  the  two  plexiform  layers  of  the 
retina,  where  information  processing  occurs  by 
means  of  the  complex  synaptic  interactions  of  the 
various  retinal  cells  with  one  another.  The  results  of 
this  processing  appear  ultimately  in  the  message 
carried  by  the  ganglion  cell  axons  (the  optic  nerve) 
to  the  brain. 

Research  over  the  past  three  decades,  employing 
extracellular  recording  techniques  has  succeeded  in 
describing  the  receptive  field  properties  and  re- 
sponse characteristics  of  ganglion  cells  from  a  wide 
variety  of  species.  These  studies  have  shown  that 
two  basic  types  of  processing  occur  within  the 
plexiform  layers  of  the  retina.  One  class  of  ganglion 
cell  shows  evidence  of  spatial  processing;  the 
response  of  the  cell  depends  on  the  position  of  the 
stimulus  on  the  photoreceptor  mosaic.  3~5  That  is, 
depending  on  where  a  spot  of  light  is  positioned  on 
the  retina,  the  cell  will  respond  vigorously  either  at 
the  onset  of  light  or  at  its  cessation.  Another  class  of 
ganglion  cell  shows  evidence  of  temporal  process- 
ing. 5"9  These  cells  respond  only  weakly  to  spots  of 
light  projected  onto  the  retina.  However,  if  the  spot 
of  light  is  moved  across  the  retina,  the  cells  respond 
very  vigorously.  Thus,  these  cells  are  concerned 
less  with  the  position  of  illumination  on  the  retina 
than  with  its  temporal  properties.  Some  cells  of  this 
class  show  even  more  sophisticated  kinds  of  pro- 
cessing; they  respond  preferentially  to  spots  of  light 
moving  in  one  direction  on  the  retina; 7"9  if  the  spot 
is  moved  in  the  opposite  direction,  the  cell  responds 
little  if  at  all. 

The  complexity  of  the  ganglion  cells'  response 
properties  underscores  the  fact  that  the  retina  is  a 
part  of  the  brain,  displaced  into  the  eye  during  an 
early  stage  of  embryological  development.  Thus 
study  of  the  retina  also  provides  insights  concerning 
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brain  function.  Indeed,  the  retina  is  viewed  by  many 
as  a  model  piece  of  the  brain  and  many  brain 
researchers  are  turning  to  the  retina  because  of  its 
many  advantages  for  study.  For  example,  the  retina 
is  the  most  accessible  part  of  the  brain;  it  can  be 
easily  stimulated  with  light  projected  on  the  recep- 
tors; its  output  by  way  of  the  optic  nerve  can  be 
readily  monitored;  and,  finally,  the  retina  can  be 
removed  from  the  eye  and  maintained  functionally 
in  an  artificial  environment  for  long  periods  of  time. 
Earlier  in  this  report,  numerous  diseases  of  the 
retina  are  described,  but  little  is  known  about  their 
underlying  causes.  Clearly,  a  detailed  understanding 
of  retinal  function  is  required  if  the  nature  and 
significance  of  retinal  lesions  are  to  be  understood 
and  if  effective  therapy  is  to  be  developed. 


SUBPROGRAM 
OBJECTIVES 


To  define  the  anatomical,  biochemical,  physio- 
logical, and  pharmacological  principles  underly- 
ing the  functional  organization  and  adaptative 
properties  of  the  retina. 

To  determine  the  metabolic  processes  and  phys- 
iological conditions  necessary  for  the  mainte- 
nance   and    proper    functioning    of   the    retina. 

To  define  the  principles  of  retinal  development, 
including  the  mechanism  of  retinal  induction, 
differentiation  of  various  retinal  cell  types,  synap- 
togenesis,  onset  of  retinal  function,  and  retinal 
genetics. 

To  identify  the  cellular  origins  of  clinically 
relevant  electrical  potentials  and  develop  nonin- 
vasive methods  for  studying  retinal  function, 
understand  retinal  disease  processes,  and  develop 
rational  therapies  for  retinal  disorders. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

Research  on  the  retina  has  attracted  some  of  the 
ablest  research  workers  in  the  vision  research  field. 
Thus,  substantial  numbers  of  excellent  research 
proposals  have  been  submitted  to  the  National 
Institutes  of  Health  over  the  past  few  years,  and  a 
high  percentage  of  these  proposals  have  been 
approved  and  funded.  For  example,  over  the  past 
four  years  an  average  of  32  proposals  per  year  in  the 
area  of  retinal  organization  and  visual  adaptation 


have  been  submitted,  and,  on  average,  29  have  been 
approved  and  20  funded. 

The  National  Eye  Institute  supports  virtually  all 
the  basic  retinal  research  in  this  country.  In  FY  1981 
the  NEI  funded  64  research  grants  in  this  area  at  a 
total  cost  of  $4,729,000.  The  National  Science 
Foundation  provides  some  marginal  support;  limited 
funding  is  derived  also  from  some  private  eye 
foundations,  such  as  Fight  for  Sight,  Inc.,  and  the 
National  Retinitis  Pigmentosa  Foundation.  Salary 
support  for  a  few  of  the  young  investigators  in  the 
field  has  come  from  other  private  foundations,  such 
as  the  Alfred  P.  Sloan  Foundation. 

It  is  clear  that  basic  retinal  research  has  been 
well-supported  over  the  past  several  years  and  that 
this  support  has  been  rewarded  by  much  excellent 
research  and  remarkable  progress.  This,  in  turn,  has 
encouraged  further  research  and  additional  workers, 
especially  able  younger  researchers,  to  enter  the 
field.  Thus,  there  is  a  strong  ongoing  effort,  and  a 
justifiable  need  for  continued  funding  exists.  How- 
ever, certain  worthwhile  projects  remain  unsupport- 
ed, emphasizing  the  fact  that  additional  funds  could 
profitably  be  used  in  this  research  area. 


RECENT 
ACCOMPLISHMENTS 


Over  the  past  15  years,  an  enormous  amount  of 
information  has  been  gained  about  intraretinal  neu- 
ronal mechanisms  through  anatomical,  physiologi- 
cal, and  biochemical  studies.  The  retina  is  recog- 
nized as  one  of  the  best  analyzed  parts  of  the  brain, 
and  how  it  is  functionally  organized  is  understood  in 
broad  outline.  For  example,  it  is  known  that 
through  the  interactions  of  receptors,  horizontal, 
and  bipolar  cells  in  the  outer  plexiform  layer  of  the 
retina,  a  spatial  type  of  analysis  is  performed  on 
visual  information  which  is  reflected  in  the  re- 
sponses of  one  of  the  classes  of  ganglion  cells 
described  above.  In  the  inner  plexiform  layer,  the 
temporal  properties  of  the  light  stimuli  are  sorted, 
primarily  by  the  amacrine  cells,  and  accentuated  by 
the  interactions  of  amacrine  cells  with  bipolar  and 
ganglion  cells.  The  temporal  aspects  of  illumination 
are  reflected  in  the  responses  of  the  second  basic 
class  of  ganglion  cell,  also  described  above.  Further- 
more, there  is  evidence  that  the  different  classes  of 
ganglion  cells  in  some  species  project  to  different 
parts  of  the  brain. 9  Thus,  in  the  retina  as  well  as  in 
central  visual  structures,  both  serial  and  parallel 
processing  of  visual  information  occurs. 

Much  of  the  progress  in  understanding  the  func- 
tional organization  of  the  retina  has  resulted  from 
the   application   to   the   retina   of  two   techniques 
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introduced  within  the  past  two  decades,  electron 
microscopy  and  intracellular  recording.  Electron 
microscopy  has  provided  the  resolution  to  visualize 
the  synapses  between  neurons,  and  so  has  made  it 
possible  to  begin  elucidating  the  "wiring"  of  the 
retina.10-15  The  combination  of  standard  electon 
microscopic  techniques  with  more  recently  discov- 
ered specialized  methods  has  enabled  researchers  to 
describe  in  greater  detail  the  connections  between 
the  retinal  neurons. 

Employing  such  techniques,  it  has  become  possi- 
ble   recently    to    determine    the    precise    synaptic 


connections  of  cells  by  using  specific  neurotransmit- 
ter substances. 16,17  Figure  1  is  a  diagram  illustrating 
in  schematic  fashion  the  five  kinds  of  neurons  found 
in  the  retina — the  horizontal  (H),  bipolar  (B), 
amacrine  (A),  interplexiform  (IP),  and  ganglion  (G) 
cells — the  synaptic  junctions  they  make  with  the 
receptor  terminals  and  with  each  other  as  revealed 
by  electron  microscopy,  and  finally,  something  of 
the  organization  of  the  synaptic  contacts  in  the 
plexiform  layers.   This  figure  originally  was  pre- 


FIGURE  1 .  Schematic  showing  synaptic  connections  in  a  vertebrate  retina: 
horizontal  =  H,  bipolar  =  B,  amacrine  =  A,  interplexiform  =  IP,  and 
ganglion  =  G  cells. 
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pared  to  show  synaptic  contacts  in  the  frog  retina; 18 
it  now  appears  that  many  of  these  observations  can 
be  generalized  to  other  retinas  including  that  of 
man. 

In  all  retinas  so  far  studied,  there  are  two  major 
types  of  synapses,  which  are  believed  to  function  in 
a  chemical  fashion.  That  is,  intercellular  communi- 
cation is  mediated  by  a  neurotransmitter  substance 
that  is  released  by  the  presynaptic  process  and 
diffuses  across  the  synaptic  cleft  to  interact  with 
specialized  receptor  sites  on  the  membrane  of  the 
postsynaptic  cell;  this  interaction  leads  either  to 
excitation  or  inhibition  of  the  postsynaptic  neuron. 
The  first  of  these  chemical  junctions  is  termed  a 
ribbon  synapse  and  is  characterized  by  an  electron- 
dense  ribbon  or  bar  in  the  presynaptic  element 
(curved  arrow,  Figure  1).  Ribbon  synapses  are  made 
in  the  retina  exclusively  by  the  receptor  and  bipolar 
cells.1119-21  The  second  kind  of  chemical  synapse 
observed  in  the  retina  is  termed  a  conventional 
synapse  and  is  characterized  by  a  cluster  of  synaptic 
vesicles  that  are  found  in  the  presynaptic  terminal 
close  to  the  presumed  synaptic  site  (straight  arrow, 
Figure  1).  These  synapses  are  made  by  the  horizon- 
tal, amacrine,  and  interplexiform  cells. 22~24 

Some  specialized  junctions  are  also  observed  in 
the  retina  that  are  believed  to  mediate  direct 
electrical  interactions  between  the  neurons.  Such 
electrical  synapses  have  been  observed  between 
photoreceptors,  between  horizontal  cells,  between 
amacrine  cells,  and  between  certain  bipolar  and 
amacrine  cells. 13,25,26  As  yet,  investigators  under- 
stand little  of  the  functional  significance  of  the 
electrical  synapses  found  in  the  retina. 

The  horizontal  and  amacrine  cells  have  aroused 
particular  interest  among  investigators  studying 
retinal  and  neuronal  organization.  These  neurons 
have  long  been  thought  to  play  key  roles  in  the 
integration  of  information  within  the  plexiform 
layers  of  the  retina,  and  recent  anatomical  and 
physiological  experiments  clearly  confirm  this 
idea.27-28  Many  horizontal  cells  and  probably  all 
amacrine  cells  do  not  have  anatomically  identifiable 
axons.1,14  The  processes  of  these  axonless  cells 
appear  alike  when  viewed  by  light  microscopy; 
electron  microscopy  shows  that  the  same  process 
may  be  both  pre-  and  postsynaptic  (see  Figure  1). 
The  fact  that  single  processes  of  horizontal  and 
amacrine  cells  may  both  make  and  receive  synapses 
suggests  the  possibility  of  very  local  interactions 
occurring  between  the  processes  of  these  neurons 
and  the  other  retinal  elements.  The  significance  of 
these  interactions  is  not  well  understood.  However, 
the  horizontal  and  amacrine  cells  of  the  retina  may 
provide  a  model  for  similar  axonless  or  short-axon 
cells  that  occur  elsewhere  in  the  brain. 

One  of  the  most  interesting  recent  advances  in 
understanding  the  retinal  organization  has  been  the 
recognition  of  interplexiform  cells  (cell  labeled  IP  in 


Figure  1).  The  existence  of  these  neurons  was  not 
appreciated  until  just  over  a  decade  ago,  when 
fluorescence  microscopy  unequivocally  demonstrat- 
ed their  presence  in  certain  retinas. 16  They  have 
since  been  observed  in  a  number  of  species,  and  are 
now  believed  to  be  present  in  all  retinas.  Electron 
microscopy  has  shown  that  these  cells  receive  their 
synaptic  input  in  the  inner  plexiform  layer  and  that 
they  make  abundant  synapses  in  the  outer  plexiform 
layer16,24  (Figure  1).  The  interplexiform  cell  thus 
appears  to  provide  a  centrifugal  pathway  for  infor- 
mation flow  in  the  retina,  from  the  inner  to  the 
outer  plexiform  layers.  The  functional  role  of  these 
neurons  is  currently  being  investigated  actively,  and 
some  recent  results  suggest  that  they  may  modify 
the  activity  of  certain  of  the  horizontal,  bipolar,  and 
amacrine  cells. 

Figure  1  indicates  another  aspect  of  retinal 
synaptic  organization  that  has  been  culled  from 
comparative  anatomical  studies  of  the  retina, 
namely,  that  some  retinal  ganglion  cells  appear  to 
receive  substantial  input  directly  from  bipolar  cells 
(left  side,  Figure  1),  whereas  other  ganglion  cells 
receive  little  or  no  direct  input  from  the  bipolar 
cells  (middle  and  right  side  of  Figure  1).  The  latter 
ganglion  cells  derive  most  or  all  of  their  input  from 
amacrine  cell  processes.  Research  has  indicated  that 
ganglion  cells  that  receive  the  bulk  of  their  input 
from  the  amacrine  cells  show  particular  sensitivity 
to  moving  stimuli.  18,29,3°  Recent  work  in  the  cat 
retina  has  shown  further  that  rod  information  is 
transmitted  to  ganglion  cells  exclusively  by  way  of 
amacrine  cell  processes. 25 

Another  important  aspect  of  the  anatomical  orga- 
nization of  the  retina  demonstrated  recently31,32  is  a 
functional  sublayering  of  the  inner  plexiform  layer. 
Cells  that  respond  to  light  primarily  with  depolariz- 
ing ("on")  responses  extend  their  processes  in  the 
lower  part  of  the  inner  plexiform  layer  (sublamina 
a),  whereas  cells  that  respond  primarily  with  hyper- 
polarizing  ("off)  responses  extend  their  processes 
in    the    upper    part    of  the    layer    (sublamina    b). 

The  second  technique  that  has  revolutionized 
understanding  of  retinal  mechanisms  is  intracellular 
recording,  which  has  permitted  exploration  of  the 
physiological  properties  of  individual  retinal  neu- 
rons. Thus,  investigators  now  understand  the  basic 
response  properties  of  all  the  major  classes  of  retinal 
neurons,  and  are  beginning  to  understand  how  the 
responses  of  the  neurons  proximal  to  the  receptors 
are  formed  by  the  synaptic  interactions  between  the 
various  neurons.33"38  Much  of  this  research  has 
been  conducted  in  cold-blooded  vertebrates,  such  as 
turtles,  salamanders,  or  fish,  primarily  because  the 
cells  in  these  animals  are  larger  and  the  retinas 
hardier  than  those  of  mammals.  However,  results  of 
intracellular  recordings  that  are  beginning  to  be 
made  in  mammals  suggest  that  the  basic  response 
properties  of  retinal  neurons  are  similar  in  both  the 
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cold-  and  warm-blooded  animals.39-40  Future  prog- 
ress in  understanding  the  physiology  of  retinal 
neurons  will  require  studies  employing  both  kinds  of 
animals. 

One  of  the  most  interesting  and  unexpected 
findings  obtained  with  intracellular  recording  was 
that  the  distal  retinal  cells — the  receptors,  horizon- 
tal, and  bipolar  cells — respond  to  light  with  sus- 
tained graded  potentials. 33_35,41~44  Action  potentials 
are  never  seen  in  association  with  these  potentials. 
The  distal  retinal  cells  are  the  first  neurons  in  the 
vertebrate  brain  that  have  been  shown  to  function  in 
this  way.  Furthermore,  most  of  these  distal  retinal 
potentials  are  hyperpolarizing  in  sign;  this  observa- 
tion has  led  to  the  realization  that  the  distal  part  of 
vertebrate  retina  behaves  physiologically  as  though 
darkness  maximally  stimulates  the  system  and  illu- 
mination turns  the  system  off.45-48  Why  this  is  so 
remains  a  mystery  but  someday  may  help  to  explain 
why  cells  of  the  distal  retina,  especially  the  photore- 
ceptors, are  so  susceptible  to  damage  by  a  number 
of  factors  including  prolonged  illumination,  a  vari- 
ety of  toxic  substances,  and  inherited  gene  defects. 

Intracellular  recordings  from  the  distal  retinal 
neurons  have  also  shown  that  certain  of  the  horizon- 
tal cells  are  inhibitory  interneurons,  antagonizing 
the  light  responses  of  certain  receptors  and  the 
bipolar  cells.  27'34-36>49  Because  horizontal  cells 
extend  their  processes  over  a  much  wider  area  of 
the  retina  than  do  bipolar  or  receptor  cells,  an 
antagonistic  center-surround  receptive  field  organi- 
zation is  observed  in  some  receptors  and  in  all  the 
bipolar  cells  recorded  from  so  far.  The  ganglion 
cells  in  the  retina  that  show  center-surround  recep- 
tive field  antagonism  appear  to  be  those  that  receive 
a  substantial  input  directly  from  the  bipolar  cells50 
(left  side  of  Figure  1). 

Intracellular  recordings  have  also  shed  light  on 
the  function  of  the  more  proximal  retinal  neurons 
and  on  the  processing  occurring  in  the  inner 
plexiform  layer.  For  example,  many,  but  not  all, 
amacrine  cells  respond  to  spots  of  light  projected 
onto  the  retina  with  transient,  depolarizing  poten- 
tials at  both  the  onset  and  cessation  of  illumina- 
tion.34,35,51  These  "on/off  neurons  are  particularly 
well-suited  to  signal  the  presence  of  moving  stimuli, 
since  their  activity  rapidly  dies  away  in  the  presence 
of  steady  illumination. 52  Such  transiently  respond- 
ing amacrine  cells  appear  to  provide  a  substantial 
input  to  those  ganglion  cells  that  respond  preferen- 
tially to  movement,  and  their  interactions  with  each 
other  and  with  the  ganglion  cells  appear  responsible 
for  the  complex  properties  that  some  ganglion  cells 
display,  including  directional  selectivity. 28-53  The 
right  hand  side  of  Figure  1  shows  the  kind  of 
complex  synaptic  circuitry  in  the  inner  plexiform 
layer,  involving  serial  and  reciprocal  amacrine  cell 
synapses,  that  might  underly  such  responses. 


Research  on  the  membrane  properties  of  individu- 
al retinal  neurons  and  the  kinetics  of  synaptic 
transmission  within  the  retinal  network  has  benefit- 
ed from  the  application  of  methods  borrowed  from 
physics  and  engineering.  These  include  studies  of 
individual  membrane  channels,  membrane  noise, 
voltage-current  curves,  and  network  analysis. 

For  example,  the  spontaneous  release  of  synaptic 
transmitter  by  nerve  cells  results  in  a  random, 
continuous  fluctuation  in  the  permeability  to  certain 
ions  in  the  postsynaptic  membrane.  Studies  of  the 
relation  of  this  fluctuation  to  the  voltage  level  of  the 
presynaptic  cell54  or  the  external  application  of 
transmitter  substance 55  have  yielded  useful  informa- 
tion about  the  dynamics  of  transmitter  release  and 
provide  a  means  of  testing  neurotransmitter  candi- 
dates. Another  important  application  of  this  form  of 
"noise  analysis"  is  in  determining  the  absolute 
threshold  of  retinal  cells56,57  and,  indeed,  assessing 
the  performance  of  the  entire  visual  system  near 
threshold. 58 

The  activation  of  nerve  cells  depends  on  not  only 
the  kinetics  of  transmitter  release  by  the  presynaptic 
element  but  also  the  number  and  nature  of  specific 
ion  channels  in  the  postsynaptic  membrane,  some  of 
which  are  affected  by  transmitters,  and  others  by 
voltage.  The  properties  of  these  channels  can  be 
studied  by  noting  the  changes  in  membrane  voltage 
induced  by  injection  of  a  current  pulse  of  known 
magnitude  and  polarity.59,60  The  shape  of  the 
resulting  voltage/current  curve,  in  combination 
with  manipulation  of  the  ion  composition  of  the 
bathing  medium 61  and  the  use  of  specific  pharmaco- 
logical ion  channel  blockers, 62  provides  insight  into 
the  number  and  nature  of  the  ionic  channels  in  the 
membranes  of  the  retinal  neurons.  These,  in  turn, 
dictate  the  cellular  responses  that  underlie  the 
distinct  light-responsive  properties  of  diverse  retinal 
microcircuits. 

In  addition  to  physiological  measures  of  synaptic 
function,  great  insight  has  been  gained,  through  the 
application  of  new  methods,  into  the  molecular 
organization  of  retinal  synapses.  These  include  rapid 
freezing, 63  deep  etching, 64  immunocytochemical  la- 
beling of  membrane  proteins, 65  and  lectin  binding  of 
membrane  sugar  residues. 66  Collectively,  these  tech- 
niques permit  dissection  of  the  structural  compo- 
nents of  the  synaptic  membrane67  into  transmitter 
receptor  sites  and  their  associated  ion  channels, 
paramembranous  proteins,  and  structural  support 
elements.  Most  importantly,  they  pave  the  way  for 
studies  of  synaptic  development,  renewal,  and  pa- 
thology at  a  level  impossible  to  conceive  only  a 
decade  ago. 

The  technological  advances  in  studying  synaptic 
processes  have  spurred  a  concerted  effort  by  a 
number  of  workers  to  understand  the  mechanisms 
underlying  the  synaptic  interactions  occurring 
within  the  plexiform  layers  of  the  retina.  As  a  result, 
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neurotransmitters  that  carry  the  signal  from  one 
neuron  to  another  across  the  synapse  have  been 
identified.  Surprisingly,  the  retina  and  other  parts  of 
the  brain  appear  to  employ  a  relatively  large 
number  of  such  neurotransmitter  substances  for 
reasons  that  remain  obscure.  Substantial  evidence 
exists  for  at  least  a  dozen  different  substances 
serving  as  potential  neurotransmitters  in  the  retina, 
but  the  transmitters  for  about  one-half  the  retinal 
neurons  are  still  not  known. 

For  example,  in  the  outer  plexiform  layer,  it  has 
been  shown  that  the  acidic  amino  acids  affect 
second-order  cells  in  a  manner  that  closely  mimics 
the  naturally-occurring  receptor  transmitter.68-69 
Furthermore,  certain  receptor  cells  appear  to  take 
up  these  amino  acids  selectively. 70  No  other  sub- 
stances so  far  tested  have  these  specific  effects;  thus 
it  has  been  proposed  that  one  of  these  amino  acids 
may  serve  as  a  receptor  transmitter.  However, 
objections  to  this  view  have  been  raised,  and  other 
potential  photoreceptor  transmitter  candidates  are 
being  examined. 71  The  inhibitory  neurotransmitter, 
gamma-amino-butyric  acid  (GABA)  has  been  ob- 
served by  histochemical  means  to  be  present  in  the 
outer  plexiform  layer  and  taken  up  selectively  by 
certain  horizontal  cells  in  some  species,  12~ 73  electro- 
physiological evidence  tends  to  support  these  obser- 
vations. 74  There  appear  to  be  horizontal  cells  that 
do  not  use  GABA  as  their  transmitter,  but  the 
transmitter  they  do  use  is  unknown. 73  At  present, 
the  nature  and  identity  of  the  bipolar  cell 
transmitter(s)  are  not  known  for  any  species. 

In  the  inner  plexiform  layer,  five  neurotransmitter 
candidates — acetylcholine,  GABA,  glycine,  dopa- 
mine, and  an  indoleamine,  perhaps  serotonin — have 
been  identified  by  histochemical  and,  in  some  cases, 
other  methods.75-80  All  these  transmitters  have 
been  associated  with  amacrine  cells;  it  has  been 
demonstrated  convincingly  that  some  amacrine  cells 
are  capable  of  accumulating  one  or  another  of  these 
substances.  In  addition,  recent  studies  have  shown 
that  a  substantial  number  of  neuropeptides  are 
present  in  many  retinas,  including  substance  P, 
somatostatin,  enkephalin,  vasointestinal  peptide 
(VIP),  glucagon,  melanophore-stimulating  hormone 
(alpha-MSH),  and  perhaps  thyrotropin-releasing 
hormone  (TRH). 81_83  Almost  all  these  peptides 
have  been  localized  by  immunohistochemical  meth- 
ods to  amacrine  cells;  the  evidence  thus  far  indicates 
that  they  are  found  in  different  morphological  types 
of  amacrine  cells.  As  yet,  there  is  no  evidence  that 
these  neuropeptides  coexist  with  the  other  neuro- 
transmitter candidates  in  amacrine  cells,  suggesting 
that  there  may  be  as  many  as  12  or  even  more 
pharmacologically  distinct  types  of  amacrine  cells  in 
vertebrate  retinas.  The  question  of  whether  the 
neuropeptides  serve  as  neurotransmitters  or  play 
some  other  role  in  the  retina  is  under  active 
investigation. 


This  pharmacological  research,  although  still  far 
from  complete,  has  led  to  the  important  realization 
that  each  major  type  of  retinal  neuron  may  be 
subdivided  on  the  basis  of  the  neurotransmitter 
substance  it  contains  and  that  distinct  pharmacologi- 
cal subclasses  of  cells  exist.  It  seems  likely  that  these 
subclasses  make  specific  and  different  synaptic 
connections  within  the  plexiform  layers,  and  medi- 
ate different  functions  within  the  retina.  Evidence  in 
support  of  this  view  has  come  from  electron 
microscopic  studies  of  the  dopaminergic  and  indole- 
amine-accumulating  amacrine  cells  in  the  rabbit 
retina. 17'84  The  processes  of  the  dopamine-contain- 
ing  amacrine  cells  make  synapses  only  with  other 
amacrine  cells  processes,  whereas  the  processes  of 
the  indoleamine-accumulating  amacrine  cells  make 
their  junctions  almost  exclusively  with  bipolar 
terminals. 

Finally,  an  area  of  basic  retinal  research  that  has 
not  shown  as  much  progress  as  the  preceding,  but  is 
of  great  potential  importance  is  that  of  retinal 
development.  Investigators  have  long  recognized 
that  cell  differentiation  in  retinas  roughly  proceeds 
centrifugally,  and  the  ganglion  cells,  inner  plexiform 
layer,  and  amacrine  cells  appear  mature  by  light 
microscopy  before  the  outer  plexiform  layer  or 
photoreceptor  cells.85,86  However,  studies  with  the 
electron  microscope  have  now  shown  that  this  is 
not  the  case  for  the  synaptic  connections.  Ribbon 
synapses  of  photoreceptors  in  the  outer  plexiform 
layer  appear  before  those  of  the  inner  plexiform 
layer,  and  the  bipolar  cell  ribbon  synapses  appear  to 
be  the  last  to  mature.87-92  Several  studies  have 
studied  the  changes  in  morphological  appearance 
and  density  of  synapses,  particularly  in  the  inner 
plexiform  layer,  as  a  function  of  age.9394  In  a  few 
cases,  correlations  have  been  made  between  the 
development  of  neural  circuits  within  the  retina  and 
the  maturation  of  the  response  properties  of  retinal 
cells,  especially  the  receptive  field  properties  of 
ganglion  cells. 9S  Very  recent  studies  have  described 
the  development  of  neurotransmitter  systems  within 
the  retina  or  within  different  retinal  cell  types,  as  a 
function  of  age.96,97  However,  little  information  is 
available  concerning  the  factors  underlying  neuro- 
genesis, synaptogenesis,  or  the  development  of 
retinal  neurotransmitter  systems.  Since  a  number  of 
inherited  retinal  lesions  appear  during  development, 
such  information  is  sorely  needed. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

The  study  of  the  retina  has  been  especially  fruitful 
over  the  past  decade,  and  with  adequate  support, 
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rapid  progress  should  continue  in  the  future.  The 
results  of  recent  research  point  the  way  to  addition- 
al studies  that  should  keep  retinal  investigations  at 
the  forefront  of  vision  and  brain  research. 

Functional  Organization  of  the  Retina 

Further  analysis  is  needed  of  the  "wiring"  patterns 
within  the  plexiform  layers  of  the  retina  to  define 
precisely  the  various  pathways  for  information  flow 
through  the  retina.  Sophisticated  techniques  such  as 
computer  reconstruction  of  serial  electron  micro- 
graphs can  provide  a  level  of  detail  thought 
unobtainable  just  a  few  years  ago.  Combined  tech- 
niques such  as  serial  section  electron  microscopy 
and  the  staining  of  individual  neurons  by  electron- 
dense  markers  for  neurotransmitter  substances 
should  provide  additional  information  concerning 
the  chemical-specific  pathways  that  may  be  present 
within  the  retina.  Studies  of  the  differences  between 
regions  of  the  retina  should  be  encouraged.  Investi- 
gators still  know  very  little  about  the  macular  and 
foveal  regions  of  the  primate  eye,  yet  for  human 
vision  these  retinal  regions  are  of  paramount  impor- 
tance. 

Recent  techniques  such  as  freeze-fracture  electron 
microscopy  can  provide  further  information  about 
the  molecular  structure  of  the  retinal  synapses.  As 
yet,  only  a  few  studies  employing  these  methods 
have  been  conducted. 81  Virtually  nothing  is  known 
about  the  factors  underlying  the  development  of 
retinal  synapses;  this  is  another  area  requiring 
substantial  research. 

Additional  studies  are  needed  to  characterize  and 
identify  the  physiological  properties  of  single  retinal 
neurons,  especially  in  the  mammalian  retina.  Intra- 
cellular staining  for  subsequent  light-microscopic 
identification  is  routine  today,  but  adapting  this 
technique  for  electron  microscopic  examination  is 
technically  difficult.  Much  additional  research  on 
this  problem  is  needed,  for  electron  microscopy  is 
essential  in  attempting  to  deduce  how  the  responses 
of  various  types  of  neurons  are  produced  by  the 
synaptic  inputs  to  those  cells. 

Other  approaches  and  techniques  appear  to  offer 
considerable  promise  for  elucidating  the  properties 
of  single  retinal  neurons,  and  should  be  encouraged. 
For  example,  it  is  possible  to  digest  the  retina  apart 
with  enzymes  and  isolate  intact  single  neurons.  This 
approach  has  been  used  in  a  few  biochemical 
studies,  but  as  yet  little  has  been  done  to  explore  the 
physiological  and  pharmacological  properties  of 
isolated  retinal  neurons. 9S  Such  studies  should  pro- 
duce important  information  concerning  the  mem- 
brane properties  of  the  neurons,  the  receptors  for 
neurotransmitter  substances,  and  the  ions  involved 
in  the  maintenance  and  generation  of  potentials  by 
the  various  retinal  cells.  The  maintenance  of  isolated 
retinal  cells  in  tissue  culture  is  just  beginning  to  be 


explored;  it  holds  great  promise  for  learning  how 
retinal  cells  recognize  and  make  synaptic  junctions 
with  one  another. 

Retinal  Neurotransmission 

Although  a  large  number  of  substances  have  been 
proposed  as  retinal  neurotransmitters,  the  evidence 
for  them  in  many  instances  is  not  strong,  and  much 
more  research  is  needed  to  establish  the  identity  of 
the  true  retinal  transmitters.  Recent  studies  have 
suggested  also  that  there  are  considerable  species 
differences  in  the  neurotransmitter  used  by  one  cell 
or  another  in  various  retinas,  and  it  is  possible  that 
some  retinal  cells  may  be  using  neurotransmitter 
substances  that  have  not  yet  been  detected. 

In  addition  to  identifying  the  substance  used  at  a 
particular  retinal  synapse,  it  is  essential  to  explore 
the  effects  of  the  neurotransmitter  substances  on  the 
postsynaptic  cells.  Such  studies  should  include  both 
the  physiological  and  biochemical  effects.  For  ex- 
ample, recent  studies  have  shown  that  neurotrans- 
mitter substances  in  the  brain  not  only  interact  with 
receptor  sites  on  postsynaptic  membranes  to  alter 
the  permeability  of  the  membrane  to  ions,  but  they 
may  interact  also  with  receptors  that  activate 
enzyme  systems.  The  best  characterized  of  the 
transmitter-activated  enzymes  is  adenylate  cyclase. 
This  enzyme  exists  in  the  retina  and  may  be 
activated  by  at  least  one  of  the  known  retinal 
transmitters,  dopamine.  "•  10°  However,  the  role  that 
this  system  plays  in  the  retina  or  elsewhere  in  the 
brain  is  unknown. 

A  number  of  biochemical  techniques  are  available 
to  characterize  further  the  properties  of  synapses  in 
neural  tissue.  For  example,  it  is  possible  to  measure 
the  binding  of  transmitter  and  related  substances  to 
receptor  sites  on  the  postsynaptic  membranes  of 
neurons  and  explore  the  molecular  properties  of  the 
various  binding  sites.  Such  studies  provided  some  of 
the  earliest  evidence  for  the  presence  of  opiate-like 
transmitter  substances  (the  enkephalins)  within  the 
brain.  As  noted  above,  the  enkephalins  are  found  in 
certain  amacrine  cells  in  the  retinas  of  some  species, 
but  as  yet  what  role  such  substances  may  play  in  the 
visual  process  is  unknown. 

In  addition,  receptor  binding  studies  have  shown 
that  there  are  multiple  types  of  receptors  for  single 
neurotransmitter  substances.  Little  is  known  about 
the  significance  of  this  finding,  but  investigators 
have  shown  that  one  of  the  two  dopamine  receptors 
in  certain  regions  of  the  brain  is  linked  to  adenylate 
cyclase,  whereas  the  other  is  not.  As  yet,  few 
studies  of  receptor  binding  have  been  conducted  on 
the  retina,  although  knowledge  of  its  synaptic 
organization  makes  the  retina  an  ideal  tissue  for 
such  investigation. 
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Retinal  Field  Potentials  and  Visual 
Adaptation 

An  important  area  of  retinal  research  not  previously 
mentioned  in  this  chapter  is  that  of  the  nature  of  the 
retinal  field  potentials  and  visual  adaptation.  The 
best  known  of  the  retinal  field  potentials  is  the 
electroretinogram  (ERG),  a  complex  series  of  po- 
tentials that  can  be  recorded  from  the  intact  eye. 101 
The  ERG  is  of  considerable  clinical  importance, 
and  research  over  the  past  two  decades  has  shown 
that  it  arises  partly  from  receptors,  partly  from  the 
Miiller  (glial)  cells  of  the  retina,  and  partly  from 
the  pigment  epithelium.101"104  The  underlying 
mechanisms  for  these  potentials  appear  to  involve 
shifts  of  small  ions,  K  +  ,  CI",  and  Na  +  ,  across  the 
membranes  of  the  involved  cells.  Except  for  the 
photoreceptor  currents,  which  give  rise  to  the  a- 
wave  of  the  ERG,  the  details  of  how  the  other 
currents  arise,  resulting  in  the  recorded  potentials, 
are  still  not  fully  understood.  Electrodes  sensitive  to 
various  ions  are  now  available  and  are  being  used  to 
analyze  the  changes  in  ion  concentrations  which 
take  place  in  the  retina  upon  illumination.  Because 
the  ERG  has  important  clinical  relevance,  such 
studies  should  be  strongly  encouraged  (see  Chapter 
11,  "Glial  Cells  and  the  Retinal  Microenviron- 
ment"). 

Retinal  adaptation  may  be  a  related  problem.  It  is 
well  known  that  the  retina  has  the  remarkable 
ability  to  alter  its  sensitivity  depending  on  the 
prevailing  illumination. 105  Everyone  experiences 
this  phenomenon  upon  entering  a  dimly-lit  movie 
theater  and  finding  that  it  takes  several  minutes  for 
the  eyes  to  gain  enough  sensitivity  to  "see"  again. 
The  mechanisms  underlying  visual  adaptation  reside 
almost  exclusively  within  the  retina.  Research  over 
the  past  decade  has  shown  that  much  of  visual 
adaptation  occurs  in  the  photoreceptors 106, 107  but 
that  retinal  network  mechanisms  are  also  in- 
volved. 108  The  nature  of  these  mechanisms  is  at 
present  completely  unknown,  but  it  has  been  pro- 
posed that  alterations  in  the  levels  of  K  +  at  specific 
sites  in  the  retina  could  be  responsible  for  desensitiz- 
ing certain  of  the  retinal  neurons  in  light. 109 

A  number  of  night-blinding  conditions  are 
known,  and  understanding  the  mechanisms  of  visual 
adaptation  in  the  normal  eye  may  provide  clues  to 
the  underlying  defect  in  such  diseases.  For  example, 
one  such  condition,  Oguchi's  disease,  is  character- 
ized by  an  extremely  slow  recovery  of  light  sensitiv- 
ity following  exposure  of  the  eye  to  light.  The 
receptors  in  patients  with  this  disease  show  a  normal 
pattern  of  light  and  dark  adaptation,  suggesting  that 
the  abnormality  almost  certainly  resides  in  the 
retinal  network  and  involves  that  adaptive  mecha- 
nism.110"111 


RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Retinal  Organization,  Neuro- 
transmission, and  Adaptation,"  the  Panel  has  made 
the  following  recommendations  concerning  re- 
search in  this  subprogram  over  the  next  five  years. 
These  have  been  grouped  under  two  headings: 
Program  Base  and  Program  Development  Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research    grants    in   these   areas   are   forthcoming. 

Program  Base 

■  Further  analyze  the  pathways  for  information 
flow  in  the  retina  utilizing  the  full  array  of 
modern  research  techniques.  Utilize  immunohis- 
tochemical,  monoclonal  antibody,  and  other 
techniques  to  identify  specific  neurotransmitters 
and  enzymes  within  neurons,  and  to  identify 
specific  cell  types.  More  information  about  the 
macular  and  foveal  regions  of  the  human  and 
subhuman   primate   eye   is   particularly   needed. 

■  Characterize  the  physiological  and  pharmaco- 
logical responses  of  retinal  neurons.  Emphasis 
should  be  placed  on  intracellular  studies,  espe- 
cially in  the  mammalian  retina,  and  on  develop- 
ing intracellular  staining  techniques  which  enable 
electron  microscopic  examination. 

■  Determine  the  physiological  and  metabolic  basis 
of  retinal  network  contributions  to  retinal  field 
potentials  and  visual  adaptation.  Utilize  this  and 
other  information  gained  from  basic  research  to 
develop  noninvasive  (physiological  and  psycho- 
physical) methods  for  studying  retinal  function 
(see  Chapter  8,  "Retinal  Pigment  Epithelium;" 


138 


Fundamental  Processes  and  Retinal  Disorders 


10.  Retinal  Organization,  Neurotransmission,  and  Adaptation 


Chapter  9,  "Photoreceptors,  Visual  Pigments, 
and  Phototransduction;"  Chapter  11;  and  Chap- 
ter 13,  "Noninvasive  Techniques  in  the  Study  of 
Retinal  Disorders"). 

Program  Development  Priorities 

■  Characterize  retinal  neurotransmitter  substances, 
the  associated  metabolic  pathways,  and  the  phys- 
iological and  biochemical  effects  of  neurotrans- 
mitters on  postsynaptic  cells.  Determine  the 
types  and  molecular  properties  of  neurotransmit- 
ter receptor  sites  using  biochemical  and  pharma- 
cological techniques. 

■  Elucidate  the  physiological,  biochemical,  and 
pharmacological  properties  of  retinal  neurons 
using  isolated  single  cells  and  tissue  culture 
techniques. 


Determine  the  factors  underlying  neurogenesis, 
synaptogenesis,  the  development  of  neurotrans- 
mitter systems,  and  the  onset  of  retinal  function. 

Investigate  retinal  metabolism,  especially  energy 
metabolism,  and  other  biochemical  processes 
critical  for  retinal  function. 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RETINAL  ORGANIZATION,  NEUROTRANSMISSION, 
AND  ADAPTATION 


No.  of  Grants  Panel  Recommendation  FY  83 

FY  1981  Add.  Grants  Total  Grants 


Program  Base 

A.  Further  analyze  the  pathways  for  information  flow  in  13  1  14 
the  retina;  identify  specific  neurotransmitters  and 

enzymes  within  neurons  and  specific  cell  types. 

B.  Characterize  the  physiological  and  pharmacological  18  0  18 
responses  of  retinal  neurons  emphasizing  intracellular 

studies. 

C.  Determine  the  basis  of  retinal  network  contributions  to  15  0  15 
retinal  field  potentials  and  visual  adaptation;  develop 

noninvasive  physiological  and  psychophysical  tests  of 
retinal  function. 

Program  Development  Priorities 

A.  Characterize  retinal  neurotransmitters,  receptors,  the  9  2  11 
associated  metabolic  pathways,  and  the  physiological 

and  biochemical  effects  of  neurotransmitters  on 
postsynaptic  cells. 

B.  Elucidate  the  physiological,  biochemical,  and  3  2  5 
pharmacological  properties  of  retinal  neurons  using 

isolated  single  cells  and  tissue  culture  techniques. 

C.  Determine  the  factors  underlying  neurogenesis,  4  1  5 
synaptogenesis,  the  development  of  the 

neurotransmitter  systems,  and  the  onset  of  retinal 
function. 

D.  Investigate  retinal  metabolism,  especially  energy  2  1  3 
metabolism,  and  other  biochemical  processes  critical 

for  retinal  function. 

Subtotal  Grants 
CVo  of  Program) 

Total  Estimated  Cost 


64 

7 

71 

(16) 

(6) 

(14) 

$4,729,000 

$2,726,000 

$7,455,000 
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GLIAL  CELLS 
AND  THE 
RETINAL 
MICROENVIRON 

MENT 


whose  changing  pattern  of  inhomogeneities  modifies 
and  regulates  neuronal  behavior. 3 

Although  difficult  to  define  precisely,  the  retinal 
microenvironment  consists  mainly  of  the  cellular 
elements  and  fluid  compartments  within  which  the 
retinal  neurons  reside.  In  the  most  distal  parts  of  the 
retina,  the  subretinal  space  and  pigment  epithelial 
processes  that  ensheath  the  receptor  outer  segments 
are  the  major  constituents  of  the  extraneural  retina. 
Throughout  the  remainder  of  its  depth,  extending 
from  the  receptor  inner  segments  to  the  vitreal 
border  of  the  retina,  an  elaborate  framework  of  glial 


INTRODUCTION 


IN  THE  RETINA,  as  in  other  parts  of  the  nervous 
system,  the  plasma  membrane  that  invests  each 
neuron  houses  molecular  machinery  vital  to  the 
cell's  development  and  function.  Specialized  sites 
along  this  structure  control  the  inward  and  outward 
mobility  of  ions  important  in  electrogenesis,  bind 
hormones  and  transmitter  agents  that  modulate 
cellular  behavior,  and  contain  the  energy-dependent 
pumps  that  subserve  transmembrane  transport.  Al- 
though the  neuronal  membrane  continues  to  be  of 
special  interest,  there  is  increasing  awareness  that 
the  functional  integrity  of  membrane  processes 
relies  heavily  on  the  physicochemical  properties  of 
the  surrounding  environment. a 

Nerve  cells  are  exquisitely  sensitive  to  extracellu- 
lar concentrations  of  electrolytes  and  metabolites; 
minute  changes  in  their  environment  can  alter  the 
threshold  of  excitability  in  adjacent  neurons  and 
thereby  influence  the  sensory  message.  Although 
unique  homeostatic  mechanisms  buffer  the  neuronal 
elements  against  extreme  fluctuations,  controlled 
alterations  of  the  external  media  may  represent 
signals  by  which  the  activities  of  groups  of  nerve 
cells  are  integrated. 2  Thus,  the  microenvironment  of 
the   retina   can   be   considered   a   dynamic   milieu 


FIGURE.  Schematic  illustration  of  the  principal  cell  types  found  in  the 
vertebrate  retina.  The  drawing  is  based  on  Golgi-impregnation  of  cells  in 
the  mudpuppy  retina.  The  Miiller  cell  (M)  descends  from  the  external 
limiting  membrane  at  the  level  of  the  photoreceptors  (R)  to  the  internal 
limiting  membrane.  In  its  course  it  extends  cytoplasmic  sheets  that 
surround  the  processes  and  cell  bodies  of  the  bipolar  (B),  amacrine  (A), 
ganglion    (G),    and    horizontal    (H)   cells.    (Courtesy   of  JE    Dowling.) 


cells  provides  a  highly  ordered  satellite  system  for 
the  retinal  neurons. 4 

The  most  prominent  glial  element  is  the  Miiller 
cell  (Figure),  which  traverses  the  layers  of  the 
retina  in  a  radial  direction  from  the  internal  to  the 
external  limiting  membrane,  projecting  beyond  the 


145 


Vision  Research— A  National  Plan:  1983-1987 


Retinal  and  Choroidal  Diseases 


latter  to  the  outer  nuclear  layer  where  it  envelops 
the  perikariya  of  the  rods  and  cones  in  honeycomb- 
like fibrillar  "baskets."5  Fine  lamellar  processes 
extend  laterally  from  the  Miiller  cells  to  enclose  the 
neuronal  elements  of  the  inner  nuclear  layer  and 
intercalate  the  synaptic  terminals  of  the  inner  and 
outer  plexiform  layers.  Other  forms  of  neuroglia  are 
found  in  the  inner  plexiform  and  nerve  fiber  layers 
of  the  retina  (astrocytes),  and  in  intimate  relation- 
ship with  the  retinal  vessels. 

Far  from  being  passive  components  of  this  archi- 
tectural complex,  the  retinal  glia  serve  important 
nutritive,  ionic,  and  metabolic  functions.  In  addition 
to  providing  structural  support,  glial  cells  have  been 
implicated  in  the  control  of  the  potassium  concen- 
tration of  the  extracellular  fluid,  degradation  of 
some  synaptically  released  neurotransmitter 
agents,6"8  removal  of  metabolites,9"11  and  nourish- 
ment of  the  neuronal  elements. 12 

Recent  studies  on  the  functional  properties  of 
Miiller  cells  have  indicated  that  they  are  well-suited 
to  these  roles.  The  Miiller  cell,  like  glial  elements 
elsewhere  in  the  nervous  system,  is  highly  perme- 
able to  potassium  ions 13,  M  and  may  actively  trans- 
port K+  released  by  neuronal  activity  into  the 
extracellular  space. 15  In  addition,  these  cells  contain 
high  specific  activities  of  the  transmitter-degrading 
enzymes  acetylcholinesterase  and  GABA-transami- 
nase,  and  also  two  presumably  glial-specific  en- 
zymes, carbonic  anhydrase  10, 16  and  glutamine  synth- 
etase. 17  Moreover,  the  presence  of  numerous  mito- 
chondria in  selected  zones  of  the  Miiller  cell 
cytoplasm  suggests  a  nutritive  function,  perhaps  by 
transferring  high-energy  compounds  to  the  nerve 
cells. 12 

Interposed  between  the  neuron  and  glia  is  the 
extracellular  space,  which  contains  an  intercellular 
matrix  that  has  various  properties  related  to  its 
polyanionic  composition. 18  Difficulties  in  isolating 
and  preserving  the  extracellular  matrix  have  pre- 
cluded quantitative  analysis.  However,  its  structure 
has  been  visualized  by  high  voltage  electron  micros- 
copy, 19  and  some  of  the  important  molecular  enti- 
ties have  been  identified  in  brain  tissue.  Among  the 
substances  that  have  attracted  the  most  attention  are 
the  glycosaminoglycans,  glycoproteins,  and  ganglio- 
sides,  many  of  which  are  associated  with  the  nerve- 
cell  coat  but  may  be  present  also  in  the  extracellular 
space. 20  Some  of  the  possible  functions  of  these 
macromolecules  include:  recognition  and  adhesion 
during  neural  development  and  plasticity,  ionic 
buffering  by  absorption  and  release,  and  control  of 
the  mobility  of  bioactive  molecules  and  ions  (for 
example,  the  calcium-binding  properties  of  sialic 
acid 21). 

Further  insights  into  the  functional  significance  of 
the  retinal  microenvironment  have  been  obtained 
from  studies  of  the  electrophysiology  of  the  retinal 
glia  and  the  ionic  shifts  in  the  extracellular  space 


resulting  from  neural  activity.  Of  particular  interest 
is  the  interaction  of  the  microenvironment  with 
local  neuronal  circuits.  It  has  been  suggested  that 
changes  in  extracellular  potassium  (K  +  )  resulting 
from  neural  activity  may  in  turn  influence  the 
sensitivity  and  adaptive  behavior  of  retinal  neu- 
rons22 and  may  generate  radial  currents  that  give 
rise  to  the  b-wave  and  other  components  of  the 
electroretinogram. 23~25 


SUBPROGRAM 
OBJECTIVES 


To  identify  the  mechanisms  that  control  the 
dynamic  extracellular  milieu  of  the  normal  retina 
and  disturb  the  normal  milieu  under  pathological 
conditions. 

To  determine  the  specialized  membrane  proper- 
ties that  enable  the  unidirectional  channeling  of 
metabolites  and  other  substances  through  the  cell 
and  surrounding  media  (for  example,  the  func- 
tional polarization  that  determines  the  nature  and 
direction  of  retinal  glia,  including  glial  contribu- 
tions to  the  electroretinogram,  and  the  possibility 
that  the  electrical  activity  of  these  elements 
influences  the  information  processing  of  neural 
circuits. 

To  determine  the  role  of  the  glial  elements  in 
neuronal  metabolism,  for  example,  in  terminating 
the  actions  of  neurotransmitters  and  transporting 
to  nerve  endings  the  precursors  required  to 
replenish  the  supply  of  transmitter  substances. 

To  determine  the  role  of  neuroglia  in  retinal 
development  and  the  regenerative  response  of 
injured  nerve  cells. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

In  FY  1981,  6  National  Eye  Institute  grants  at  a 
total  cost  of  $437,000  supported  research  on  Miiller 
cells  and  the  retinal  environment.  In  addition,  a 
number  of  other  NEI-supported  research  projects  in 
retinal  physiology  were  broad  enough  to  encompass 
this  area  of  interest.  Most  of  the  research  cited 
above  resulted  from  NEI-sponsored  research  into 
retinal  metabolism  and  cellular  physiology. 
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RECENT 
ACCOMPLISHMENTS 


In  recent  years,  important  new  concepts  have  been 
developed  about  the  high  degree  of  interdependence 
between  nerve  cells  and  their  surroundings.  Owing 
to  the  close  packing  of  nerve  cells  in  the  nuclear  and 
synaptic  layers  of  the  retina,  the  extracellular  space 
and  glial  elements  acquire  the  potential  to  act  as 
modulators  of  the  chemical  substances  that  influ- 
ence neuronal  behavior,23,24  as  communication 
channels  between  neurons, 25  and  as  the  source  of 
transretinal  potentials  useful  in  the  diagnostic  evalu- 
ation of  retinal  diseases.26-29  Evidence  that  such 
functions  are  attributable  to  non-neuronal  elements 
has  been  culled  largely  from  studies  that  have  taken 
advantage  of  the  many  technical  innovations  in 
biochemical  and  biophysical  methods;  indeed,  some 
of  the  problems  recently  addressed  have  become 
amenable  to  study  only  in  the  past  decade.  For 
example,  the  improved  resolution  provided  by  new 
histochemical  methods  has  effectively  demonstrated 
the  interaction  between  neuron  and  glia  in  the 
uptake,  inactivation,  and  reformation  of  amino  acid 
transmitter  candidates  in  the  retina. 30,31  A  number 
of  studies  have  shown  that  glial  cells,  whether  in  the 
retina  or  in  culture,  contain  high  affinity  uptake 
systems    for    GABA,    L-glutamate,    and    L-aspar- 

tate    32,33 

The  fact  that  glutamine  synthetase  and  the 
GABA-degrading  enzyme  GABA-transaminase 
have  been  localized  within  Miiller  cells  by  autora- 
diographic and  immunohistochemical  techniques 
tends  to  support  the  view  that  a  GABA-glutamate- 
glutamine  cycle,  involving  neurons,  glia,  and  the 
extracellular  space,  may  be  present  in  the  retina.  In 
this  view,  the  uptake  by  Miiller  cells  of  neuronally- 
released  glutamate  and  GABA  terminates  the  trans- 
mitter action  of  these  agents.  Within  the  Miiller  cell, 
they  are  degraded  or  converted  to  glutamine  by  the 
action  of  glutamine  synthetase.  Glutamine,  which  is 
freely  diffusable,  then  leaves  the  Miiller  cell  and 
becomes  available  to  neurons  for  replenishing  gluta- 
mate and  GABA.  It  is  not  yet  known  whether  the 
retinal  nerve  cells  utilize  amino  acids  as  neurotrans- 
mitters, but  if  a  system  such  as  this  operates  in  the 
retina,  the  Miiller  cell  forms  an  indispensable  ele- 
ment in  maintaining  the  functional  integrity  of  the 
retinal  neurons. 

Further  evidence  that  the  glia  play  a  role  in 
restoring  extracellular  conditions  favorable  to  neu- 
ronal functioning  stems  from  research  with  ion- 
specific  microelectrodes.  Earlier  studies  by  Kuffler 
and  associates 13  showed  that  glial  cells  are  highly 
permeable  to  K+  and  can  be  considered  to  react  to 
ionic  changes  like  a  potassium  electrode.  Accord- 
ingly, they  suggested  that  the  glial  syncytium  may 
serve  as  a  passive  conveyor  (that  is,  spatial  buffer) 


of  K  + ,  removing  excessive  K  +  released  by  depolar- 
izing neurons.  The  alternative  view,  that  glial  cells 
may  clear  potassium  by  active  transport,  is  support- 
ed by  evidence  for  a  Na  +  -K+  activated  ATPase, 
and  oxygen-dependent  and  anaerobic  energy-yield- 
ing enzyme  systems  in  glial  cells. 10  The  availability 
of  energy-yielding  reactions  that  take  place  despite  a 
shortage  of  oxygen  may  be  required  for  the  removal 
of  K  +  in  hypoxic  emergencies  arising  from  impaired 
blood  flow.  In  either  event,  results  obtained  with 
ion-selective  electrodes34  have  shown  that  the 
changes  in  extracellular  K+  that  occur  with  neuro- 
nal activity  or  spreading  depression  result  in  a  rise  in 
the  potassium  concentration  within  Miiller  cells. 14,35 
Moreover,  there  is  growing  evidence  that  light- 
evoked  K  +  fluxes  are  responsible  for  the  production 
of  radial  currents  that  contribute  to  the  waveform  of 
the  electroretinogram  (ERG). 28-29-36 

Although  the  ERG  has  long  been  one  of  the  most 
valuable  noninvasive  techniques  in  the  diagnosis  of 
retinal  diseases,  its  clinical  usefulness  has  not  yet 
been  fully  realized.  Perhaps  the  primary  obstacle  is 
the  uncertainty  surrounding  the  origins  of  the 
various  potentials  that  contribute  to  its  complex 
waveform.  Clearly,  if  this  were  known,  the  site  and 
nature  of  defective  function  might  be  inferred  from 
the  selective  loss  of  one  or  another  of  the  compo- 
nent potentials.  Indeed,  some  noteworthy  advances 
have  been  made,  and  the  information  has  been  used 
to  improve  our  understanding  of  clinical  prob- 
lems. 37'38 

The  initial  portion  of  the  a-wave  of  the  ERG  is 
the  extracellular  expression  of  the  light-induced 
conductance  change  across  the  photoreceptor  mem- 
brane, 39  whereas  the  b-wave  presumably  is  a  glial- 
cell  potential  that  results  from  the  activity  of  cells  in 
the  inner  nuclear  layer. 29,40'41  The  research  on  the 
origins  of  the  c-wave  leaves  little  doubt  that  this 
potential  is  generated  across  the  apical  membrane  of 
the  retinal  pigment  epithelium  in  response  to  a  slow, 
light-induced  fall  in  the  extracellular  potassium 
concentration  surrounding  the  visual  cells. 42,43 

Because  the  b-wave  is  the  principal  component  of 
the  ERG  response  and  reflects  accurately  the 
sensitivity  of  the  visual  system  under  a  variety  of 
experimental  conditions,  it  has  been  particularly 
useful  in  studies  of  retinal  disorders;  it  is  of  value  to 
the  clinician  in  revealing  the  loss  of  rod  vision  in 
night-blinding  diseases,38,44  defective  photopic 
mechanisms  in  cone  dysfunction  syndromes, 45  and 
the  early  onset  of  widespread  degeneration  in 
retinitis  pigmentosa. 37  Nevertheless,  the  cellular 
basis  of  this  potential  is  still  uncertain,  and  should  be 
clarified,  in  view  of  the  limited  number  of  objective, 
quantitative,  noninvasive  methods  available  for  the 
study  of  human  retinal  diseases. 
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RESEARCH  NEEDS 
AND  OPPORTUNITIES 


Powerful  new  tools  are  available  for  studying  the 
structure  and  functional  role  of  the  retinal  cell 
environment,  and  a  quantitative  description  of  the 
homeostatic  mechanisms  that  regulate  the  ionic 
composition  of  the  extracellular  milieu  is  needed. 
Ion-specific  microelectrodes  afford  an  opportunity 
to  measure  the  ionic  fluxes  associated  with  normal 
function  and  abnormal  processes. 14-46'47  The  condi- 
tions that  result  in  such  brain  phenomena  as  seizures 
and  spreading  depression  may  exist  in  the  diseased 
retina  as  a  consequence  of  abnormal  ionic  shifts 
induced  by  photic  exposure. 48, 49  In  addition,  extra- 
cellular potassium  gradients  appear  to  be  a  principal 
factor  in  the  production  of  slow  potentials  in  the 
retina.  A  comprehensive  understanding  of  how 
these  potentials  arise  is  not  yet  available,  but  their 
clinical  potential  has  become  increasingly  evident. 

The  unique  structure  of  glial  cells,  particularly  in 
the  regions  of  close  apposition  with  neuronal  ele- 
ments, may  have  important  implications  for  their 
functional  significance. 50  High  voltage  electron  mi- 
croscopy 51  and  freeze-fracture  studies 50  can  help  to 
reveal  regional  heterogeneities  along  the  length  of 
the  Miiller  cell,  which  may  have  relevance  for 
understanding  neuron-glia  interactions,  inactivation 
of  neurotransmitters,  and  interpretation  of  studies  of 
neuronal  degeneration.  Chemically  induced  neuro- 
nal degeneration  (for  example,  with  kainic  acid) 
leads  not  only  to  the  loss  of  neurons  but  also  to  a 
glial  proliferation  or  gliosis. 52  The  structure  and 
biochemical  properties  of  the  proliferating  astroglia 
may  provide  clues  to  the  factors  inhibiting  neuronal 
regeneration  (see  Chapter  12,  "Rescue  and  Regen- 
eration of  Neurons  in  the  Optic  Nerve  and  Retina"). 

Enzymatic  tissue  dissociation  has  proved  useful 
for  obtaining  isolated  populations  of  glial  cells, 
which  can  be  maintained  for  prolonged  periods  in 
tissue  culture. 53  The  cells  retain  their  high  capacity 
to  accumulate  actively  specific  amino  acids54  and 
provide  a  useful  system  in  which  to  investigate  the 
morphological  and  chemical  changes  produced  by 
gliotoxic  agents  such  as  alpha-aminoadipate5556  and 
6-aminonicotinamide, 56-57  energy  metabolism  of 
glial  tissue,58  and  various  drugs  that  may  interact 
with  and  regulate  Miiller  cell  function. 59'60 


ing  recommendations  concerning  research  in  this 
subprogram  over  the  next  five  years.  These  have 
been  grouped  under  two  headings:  Program  Base 
and  Program  Development  Priorities. 

The  Program  Base  includes  areas  of  ongoing 
research  where  the  current  level  of  activity  is 
considered  adequate,  or  areas  of  ongoing  research  in 
which  there  may  be  great  need  for  additional 
activity,  but  where,  in  the  Panel's  judgment,  little  or 
no  opportunity  (new  methods  or  insights)  exists  at 
present  to  justify  a  significant  expansion  of  effort. 
Nonetheless,  additional  applications  for  research 
grants  in  these  areas  may  be  funded  if  they  are 
innovative  and  of  very  high  quality  as  determined 
by  the  NIH  peer  review  system. 

Program  Development  Priorities  include  areas  of 
ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research   grants   in    these   areas   are   forthcoming. 

Program  Base 

■  Conduct  studies  to  isolate  and  identify  the  contri- 
bution of  the  Miiller  cells  to  the  various  compo- 
nents of  the  transretinal  ERG  and  to  assess 
changes  in  glial  cell  properties  associated  with 
neuronal  degeneration. 

Program  Development  Priorities 

■  Develop  and  utilize  ion-specific  electrodes  for 
quantitative  analysis  of  the  alterations  in  extracel- 
lular and  intracellular  activities  of  essential  ions 
throughout  the  retina  in  light  and  dark  and  for 
studies  on  the  active  and  passive  mechanisms  of 
ionic  buffering. 

■  Expand  the  use  of  cell  separation  and  culture 
techniques  to  isolate  and  maintain  viable  glial  cell 
populations  for  metabolic  and  pharmacological 
studies  and  for  biochemical  studies  of  neurotrans- 
mitter uptake. 


RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Glial  Cells  and  the  Retinal 
Microenvironment,"  the  Panel  has  made  the  follow- 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential   for   future  development,   the   Panel   has 
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estimated  the  number  of  projects  it  believes  are  following  page.  For  a  discussion  of  the  general  basis 
needed  to  carry  out  its  recommendations  in  FY  and  significance  of  these  projections,  see  the  "Sum- 
1983.  These  estimates  are  shown  in  the  table  on  the        mary"  at  the  beginning  of  this  report. 
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RESOURCE  TABLE 


GLIAL  CELLS  AND  THE  RETINAL  MICROENVIRONMENT 


No.  of  Grants  Panel  Recommendation  FY  83 

FY  1981  Add.  Grants  Total  Grants 


Program  Base 

A.  Conduct  studies  to  isolate  and  identify  the  3  14 

contribution  of  the  Miiller  cells  to  the  various 
components  of  the  transretinal  ERG  and  assess 
changes  in  glial  cell  properties  associated  with  neuronal 
degeneration. 

Program  Development  Priorities 

A.  Develop  and  utilize  ion-specific  electrodes  for 
quantitative  analysis  of  extracellular  and  intracellular 
activities  of  essential  ions  throughout  the  retina  and 
for  studies  of  mechanisms  of  ionic  buffering. 

B.  Expand  the  use  of  cell-separation  and  culture  2  1  3 
techniques  to  isolate  and  maintain  viable  glial  cell 

populations  for  metabolic  and  pharmacological  studies 
and  for  biochemical  studies  of  neurotransmitter 
uptake. 

Subtotal  Grants  6  3  9 

(<%  of  Program)  (1)  (3)  (2) 

Total  Estimated  Cost  $437,000  $508,000  $945,000 
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RESCUE  AND 
REGENERATION 
OF  NEURONS  IN 
THE  OPTIC 
NERVE  AND 
RETINA 

INTRODUCTION 


BLINDNESS  CAN  RESULT  from  injury  to  any 
part  of  the  visual  pathway,  but  the  vast  majority  of 
cases  result  from  conditions  arising  within  the  eye 
or  in  the  optic  nerve,  which  connects  the  eye  to  the 
brain.  Destruction  of  the  optic  nerve  makes  an 
otherwise  healthy  eye  useless,  but  complete  loss  of 
visual  function  can  also  result  from  far  less  drastic 
injuries.  The  traditional  view  has  been  that  it  is 
impossible  to  reconnect  successfully  a  severed 
human  optic  nerve.  Moreover,  even  if  it  were 
possible  to  repair  a  severed  optic  nerve  physically, 
very  complex  structural  and  functional  relationships 
would  need  to  be  reestablished  for  the  patient  to 
regain  useful  vision. 

Surgeons  have  for  many  years  been  able  to  repair 
the  human  peripheral  nervous  system,  but  scar 
formation  and  other  factors  have  proved  to  be 
severe  obstacles  to  regeneration  in  the  central 
nervous  system. 12  In  spite  of  its  name,  the  optic 
nerve  is  not  a  peripheral  nerve  but,  like  the  tracts  of 
the  spinal  cord,  a  part  of  the  central  nervous  system. 
Although  the  formidable  biological  problems  of 
optic  nerve  and  spinal  cord  regeneration  are  similar, 
the    clinical    applications    of   laboratory    research 


results  in  these  areas  are  likely  to  be  quite  different 
because  (1)  the  spinal  cord  is  a  much  more  heteroge- 
neous structure,  (2)  the  functional  criteria  for 
successful  regeneration  are  different,  and  (3)  the 
prostheses  that  have  been  proposed  to  replace  lost 
optic  nerve  functions  are  inherently  more  complex 
than  those  proposed  to  replace  lost  spinal  and  cord 
functions  such  as  control  of  the  urinary  bladder  or  a 
limb.  Thus,  although  research  on  optic  nerve  and 
spinal  cord  regeneration  is  likely  to  be  mutually 
reinforcing,  the  problems  in  the  two  tissues  are  not 
identical. 

A  more  immediate  goal  might  be  to  apply  the 
results  of  experimental  studies  of  nerve  growth  and 
regeneration  to  the  problem  of  preventing  injured 
human  optic  nerves  from  undergoing  degeneration. 
Such  injuries  commonly  result  from  a  single  event 
such  as  trauma,  infection,  or  temporary  deficiencies 
of  blood  supply,  or  often  from  adverse  extraocular 
conditions.  More  chronic  injuries  may  result  from 
glaucoma,  exposure  to  toxins,  or  treatable  intracra- 
nial tumors.  There  is  usually  a  lag  of  about  two 
months  between  the  time  of  injury  and  the  retro- 
grade degeneration  of  individual  optic  nerve  fibers 
and  the  retinal  ganglion  cells  from  which  they  arise. 
Although  clinical  studies  have  shown  that  function- 
al improvement  sometimes  occurs  spontaneously, 
this  two-month  period  could  provide  an  opportunity 
for  treatment  designed  to  rescue  the  optic  nerve  by 
redressing  the  balance  between  degeneration  and 
regeneration  within  the  unsevered  but  injured 
axons. 

The  terms  "regeneration"  and  "rescue"  require 
definition.  Regeneration  may  be  defined  strictly  as 
the  complete  restoration  of  morphological  and 
functional  integrity  following  severance  of  the  optic 
nerve.  A  broader  definition  of  regeneration  would 
include  instances  in  which  growth  of  neural  pro- 
cesses occurs  to  form  new  synaptic  contacts  with  or 
without  recovery  of  normal  function.  Rescue  is  used 
to  indicate  a  therapeutic  process  promoting  neuro- 
nal survival  and  functional  recovery  in  an  injured 
neuron. 
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Knowledge  of  rescue  and  regeneration  in  the 
central  nervous  system  has  progressed  in  parallel 
with  the  technical  advances  of  modern  biology. 
Phenomenologic  observations  of  nervous  tissue  re- 
generation began  about  1900,  study  of  cellular 
mechanisms  about  1950,  and  probing  at  the  molecu- 
lar level  about  1970. 3  Additional  research  at  all 
three  levels  will  be  required  to  generate  hypotheses 
and  experiments  that  could  eventually  lead  to  the 
development  of  treatments  and  clinical  trials  of  their 
efficacy. 


SUBPROGRAM 
OBJECTIVES 


To  define  the  biology  of  retinal  neurons,  glial 
cells,  and  connective  tissue  cells  in  normal 
development  and  maintenance,  and  in  response  to 
injuries. 

To  determine  the  physical  and  chemical  factors 
that  influence  degeneration  and  that  may  pro- 
mote rescue  and  regeneration. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

In  FY  1981  the  National  Eye  Institute  supported  9 
projects  at  a  total  cost  of  $602,000  in  which  research 
on  the  regeneration  of  the  visual  system  was  a 
primary  concern.  Seven  of  these  projects,  at  a  total 
cost  of  $466,000,  were  assigned  to  the  Strabismus, 
Amblyopia,  and  Visual  Processing  program  and 
two,  at  a  total  cost  of  $136,000,  to  the  Retinal  and 
Choroidal  Diseases  program.  Substantial  support  for 
more  general  aspects  of  peripheral  and  central 
nervous  system  regeneration  was  provided  by  other 
components  of  the  National  Institutes  of  Health, 
particularly  the  National  Institute  of  Neurological 
and  Communicative  Disorders  and  Stroke,  and  by 
the  National  Science  Foundation. 

Studies  of  the  development  and  plasticity  of  the 
visual  system,  and  of  the  nervous  system  generally, 
constitute  a  closely  related  research  area  of  bur- 
geoning opportunity  and  interest. 


RECENT 
ACCOMPLISHMENTS 

Phenomena  of  Regeneration  and  Recovery 

It  is  encouraging  that  one  model  of  successful 
central  nervous  system  regeneration  following  axo- 
tomy  has  been  found  in  the  olfactory  bulb  of  a 
nonhuman  primate. 4  The  factors  that  allow  this 
region  to  be  permeated  by  regrowing  axons  need  to 
be  determined.  It  is  particularly  significant  that  the 
regeneration  occurred  in  mature  monkeys  rather 
than  in  prenatal  animals  in  which  regeneration  and 
neogenesis  can  occur  more  readily.  Clearly,  this 
would  be  a  useful  model  in  which  to  investigate 
some  of  the  variables  (such  as  age  and  degree  of 
injury)  that  influence  the  rate  and  extent  of  regen- 
eration. 

Important  and  related  studies  have  been  per- 
formed on  lower  vertebrates.  In  the  goldfish,  for 
example,  the  severed  optic  nerve  will  sprout  neur- 
ites  and  eventually  form  functionally  useful  connec- 
tions with  the  brain. 56 Research  on  goldfish  may  be 
particularly  relevant  because  teleost  fish  have  my- 
elinated optic  nerves;  these  are  more  similar  to  the 
optic  nerves  of  higher  vertebrates  than  are  the 
unmyelinated  axons  of  various  amphibia  which  also 
can  regenerate  their  optic  nerves.  Studies  of  other 
neural  systems  that  regenerate  successfully  have  led 
to  partial  identification  of  factors  that  contribute  to 
or  detract  from  the  outcome,  for  example,  condi- 
tioning lesions7"10 and  temperature.  n 

The  role  of  the  glial  cells  of  the  adult  mammalian 
optic  nerve  in  regeneration  has  been  investigated  by 
grafting  a  segment  of  the  optic  nerve  into  a  severed 
peripheral  nerve. '  The  optic  nerve  transplant  did 
not  support  extensive  reinnervation,  although  the 
peripheral  nerve  axons  are  capable  of  vigorous 
sprouting  and  would  have  regenerated  successfully 
had  the  graft  been  a  segment  of  peripheral  nerve. 
Significantly,  the  optic  nerve  glia  survived  in  this 
system  and,  although  limited  reinnervation  oc- 
curred, were  capable  of  stimulating  peripheral  nerve 
axon  ensheathment  and  myelination.  The  glial  cells 
of  fish  and  amphibian  optic  nerve  do  not  constitute 
such  a  barrier  to  optic  nerve  regrowth. 

The  role  of  the  Schwann  cells  of  peripheral  axons 
has  been  studied  by  grafting  the  sciatic  nerve  into 
the  thoracic  spinal  cord. 12  The  sciatic  nerve  grafts 
receive  regenerating  intrinsic  central  nervous 
system  axons  that  become  myelinated.  On  occasion, 
regenerating  axons  were  observed  at  the  junction 
which  had  one  heminode  of  Ranvier  of  central 
nervous  system  glial  origin  and  one  of  peripheral 
nervous  system  Schwann  cell  origin.13  When  the 
regenerating  axons  re-encountered  the  CNS  envi- 
ronment at  the  distal  end  of  the  graft,  they  ceased  to 
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elongate.  The  timing  of  the  grafts  following  spinal 
cord  transection  is  an  important  variable. 1415  Imme- 
diate grafting  leads  to  the  formation  of  a  cyst-like 
cavity,  whereas  waiting  one  week  prior  to  grafting 
produces  a  better  result. 

These  studies  suggest  that  an  axonal  signal  for 
ensheathment  and  myelination  exists  that  is  common 
to  both  the  central  and  peripheral  nervous  systems. 
The  morphological  evidence  indicates  that  one  of 
the  important  tasks  for  regeneration  is  passage  of 
the  neurite  through  the  potentially  obstructing 
sheath  structures  in  the  1-2  mm  segment  adjacent  to 
the  cut  end  of  the  nerve  or  tract.  The  basal  laminar 
structures  of  the  peripheral  nervous  system 
Schwann  cells  allow  the  neurite  to  advance  perhaps 
because  the  basal  lamina  can  guide  the  advancing 
neuron  while  resisting  the  pressure  exerted  by  the 
expanding  terminal  club.  The  central  nervous 
system  glial  cells  have  no  basal  lamina  and  seem 
unable  to  perform  this  function,  leading  to  continu- 
ous expansion  and  rupture  of  the  terminal  clubs. 1416 

Collateral  sprouting  of  local  undamaged  axons 
does  occur  in  the  central  nervous  system  and  can  fill 
the  postsynaptic  sites  on  target  cells  that  are  vacated 
by  degenerating  axons.1718  The  phenomenon  of 
collateral  sprouting  indicates  that  the  neuropil  is  at 
least  capable  of  synapse  formation  after  injury.  17~19 
In  the  developing  central  nervous  system,  glial 
processes  guide  the  migration  of  some  axons,  and  in 
some  experimental  models,  glial  cells  have  been 
shown  to  have  surface  grooves  that  guide  the 
growth  of  the  developing  axon. 

Even  in  the  peripheral  nervous  system,  the 
pathway  problem  has  not  been  entirely  solved,  and 
recent  studies  have  suggested  ways  that  nerve  repair 
can  be  enhanced  using  synthetic  materials. 20  Su- 
tured nerves  have  a  disorganized  pattern  of  regen- 
eration, which  can  be  minimized  by  holding  the  cut 
ends  together  in  a  hypoantigenic  synthetic  collagen 
membrane  tube. 20  Similar  synthetic  materials  might 
facilitate  orderly  repair  at  the  interface  of  severed 
CNS  neurons  and  also  be  used  to  form  part  of  a 
drug  delivery  system. 

Axon-sheath  cell  interactions  are  important  for 
conducting  impulses  through  a  neuron.  Congenital 
deficiencies  of  myelination  and  defective  remyelina- 
tion  have  gained  attention  recently,  and  the  demy- 
elinating  effects  of  multiple  sclerosis  are  well  known. 
A  number  of  strains  of  myelin-deficient  mice  have 
been  identified  and  studied, 2  and  chimeras  between 
dystrophic  and  normal  mouse  embryos  have  been 
developed.  Axo-glial  membrane  specializations  oc- 
curring in  demyelinated  spinal  cord  lesions  in  guinea 
pigs  with  experimental  allergic  encephalitis  (EAE) 
and  in  a  human  with  multiple  sclerosis  have  been 
analyzed. 21  In  the  multiple  sclerosis  case  the  axons 
and  glia  exhibited  desmosome-like  specializations 
but  lacked  the  synapse-like  specializations  and  gap 
junctions  seen  in  the  spinal  cord  of  the  guinea  pig 


EAE  model. 21  However,  in  the  guinea  pig  model 
the  demyelinated  lesions  of  the  optic  nerves  showed 
no  axo-glial  membrane  specializations.  It  has  been 
speculated  that  the  formation  of  these  specializa- 
tions requires  the  presence  of  gray  matter  which  is 
present  in  the  spinal  cord  but  not  in  the  optic 
nerve. 21 

Freeze  fracture  of  tissues  has  contributed  to 
understanding  of  axo-glial  membrane  interactions, 
and  cytochemical  techniques  have  revealed  a  fila- 
mentous subaxolemmal  undercoating  in  the  region 
of  the  node  of  Ranvier. 2  One  of  the  most  relevant 
problems  in  regeneration  is  the  nature  of  the  stimuli 
that  both  cause  and  curtail  the  proliferation  of 
sheath  cells.  The  initiation  and  time  course  of 
mitosis  of  non-neuronal  cells  has  been  followed  by 
the  incorporation  of  (3H)  thymidine. 22  Curtailment 
of  growth  is  important  to  prevent  the  overgrowth 
of  redundant  sheath  cell  populations.  Stimuli  that 
have  been  preliminarily  identified  include  the  axons 
themselves, 2  extracts  of  pituitary  gland  and  brain, 2 
and  cyclic  AMP  induction. 23 

Unfortunately,  most  of  these  studies  involve 
Schwann  cells  of  the  peripheral  nervous  system 
rather  than  oligodendrocytes,  which  are  more  rele- 
vant to  optic  nerve  regeneration.  In  adult  mamma- 
lian central  nervous  system  regeneration,  most  of 
the  dividing  cells  are  astrocytes  and  microglia,  not 
oligodendrocytes.  Because  nerve  impulse  conduc- 
tion depends  on  the  location  of  the  node  of  Ranvier, 
there  has  been  interest  in  determining  whether  its 
location  in  injured  neurons  is  determined  by  the 
axons  or  the  sheath  cells  themselves. 2 

Cellular  Mechanisms  of  Recovery  and 
Regeneration 

The  optic  nerve  axon  has  a  unique  structure.  Its  cell 
body  lies  in  the  retinal  ganglion  cell  layer,  and  its 
axon  runs  centrally  for  approximately  50  millime- 
ters; one-half  its  length  lies  outside  the  orbit.  In  the 
cranial  cavity,  the  optic  nerves  project  to  their 
terminus  in  the  lateral  geniculate  body.  In  the  last  10 
years,  it  has  been  shown  that  a  great  deal  of  traffic 
of  chemicals  and  other  cellular  components  moves 
between  the  eye  and  the  brain  within  the  individual 
axons  of  the  optic  nerve. 

The  movement  of  materials  toward  the  brain  is 
called  anterograde  axoplasmic  transport;  the  move- 
ment in  the  reverse  direction  is  called  retrograde 
axoplasmic  transport.  Although  the  axons  measure 
only  a  few  microns  in  diameter,  movement  in  both 
directions  and  at  various  velocities  is  maintained. 
The  mechanisms  that  underlie  axoplasmic  transport 
are  of  critical  importance  because  the  materials 
conveyed  are  probably  essential  for  the  regeneration 
of  an  injured  neuron  and  because  the  biochemical 
signal  that  the  neuron  has  been  injured  may  be 
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conveyed  by  retrograde  axoplasmic  transport. 16, 24 
One  likely  candidate  for  this  injury  signal  is  a 
calcium-binding  protein  called  calmodulin. 25  An- 
other possible  signal  that  the  axon  is  injured  may  be 
the  premature  return  of  materials  normally  con- 
veyed by  axoplasmic  transport,  which  are  unable  to 
reach  their  usual  destination, 16-26  for  example,  mem- 
brane fragments  or  neurotransmitters  that  would 
normally  be  removed  or  modified  at  the  axon 
terminal.  In  addition,  a  protein  known  as  nerve 
growth  factor  can  be  taken  up  in  the  terminal  region 
of  some  neurons  and  transmitted  in  retrograde 
axoplasmic  flow. 27  Its  absence  might  also  trigger  the 
complex  metabolic  and  morphologic  changes  that 
are  known  as  the  chromatolytic  reaction. 27  The 
severity  of  this  reaction  can  lead  alternatively  to 
degeneration,  survival,  or  recovery. 

Tissue  culture  of  nerve  and  glial  cells  has  made 
possible  the  study  of  a  number  of  factors  involved  in 
neuronal  growth  and  survival.  Factors  studied  have 
included  macromolecular  agents,  the  ionic  environ- 
ment, electric  and  ionic  currents,  and  the  nature  of 
the  surface  on  which  the  cells  are  cultured. 28 
Various  substrates  have  been  used  for  the  growth  of 
chick  embryo  ciliary  ganglion  cells,  including  sul- 
fonated tissue  culture  plastic  containers,  collagen- 
coated  containers,  and  polyornithine  coating. 28  Be- 
cause these  substrates  have  different  affinities  for 
various  proteins,  it  has  been  possible  to  identify  (1)  a 
ciliary  neurotrophic  factor  (CNTF)  and  (2)  a 
conditioned  medium-derived  neurite  promoting 
factor  (NPF). 28  The  CNTF  appears  in  the  intraocu- 
lar tissues  that  are  innervated  by  ciliary  nerves  at  a 
specific  period  of  embryonic  life  and  promotes 
survival  of  the  ciliary  neurons. 28  The  NPF  elicits  a 
lavish  growth  of  ciliary  neurites  in  a  radial  direction 
from  ciliary  ganglion  explants.  In  one  study,  in  the 
absence  of  NPF,  radial  growth  of  neuritis  occurred 
for  only  two  hours,  after  which  they  grew  in  a 
circular  direction. 2a  30  This  research  suggested  that 
the  polyornithine  media  bound  the  NPF  and  defined 
avenues  for  neuritic  growth. 30  Further  experiments 
will  be  needed  to  determine  (1)  if  there  are  in  vivo 
terrains  that  do  not  permit  neuritic  growth,  (2)  the 
types  of  cells  that  release  NPFs,  (3)  the  temporal 
aspects  of  NPF  production,  and  (4)  the  existence  in 
intracellular  spaces  of  materials  capable  of  binding 
NPF.  An  anti-NPF  antiserum  might  prove  as  useful 
in  defining  the  role  of  NPF  as  anti-nerve  growth 
factor  serum  has  proved  in  defining  the  biological 
role  of  nerve  growth  factor. 31 

The  molecular  requirements  for  neuronal  survival 
have  been  studied  with  chick  embryo  retinal  cells 
and  ciliary  ganglion  cells  in  tissue  culture  using 
chemically  defined  media. 30  The  development  of  a 
serum-free  supplement  has  been  an  important  ad- 
vance because  it  allows  definition  of  the  chemical 
environment  necessary  for  cell  survival  and  elimi- 
nates extraneous  chemicals  that  can  interfere  with 


metabolic  studies.  Using  purified  monolayer  cul- 
tures from  the  retina,  investigators  have  studied 
uptake  mechanisms  for  putative  neurotransmitters 
and  other  substances.32  Studies  of  the  role  of 
specific  chemicals  that  selectively  enhance  the 
growth  of  certain  types  of  cells,  while  selectively 
retarding  the  growth  of  other  cells,  have  just  begun. 
The  role  of  the  common  ions  in  the  neuronal 
environment  also  has  come  under  investigation. 
Potassium  ions  appear  to  support  neuronal  survival 
in  cultures  from  newborn  rat  cerebellum  and  chick 
embryo  ciliary  ganglion, 30  whereas  calcium  ions  are 
important  for  the  rapid  phase  of  axoplasmic  trans- 
port. 33  In  peripheral  nerves  a  calcium  ion  concen- 
tration of  3  to  5  mM  promotes  the  regeneration  of 
the  nerve  more  effectively  than  does  the  normal 
ionic  concentration  in  extracellular  fluid,  that  is,  1.5 
to  2  mM;33  potassium  ions  are  required  in  a 
concentration  of  4  mM.  A  concentration  of  calcium 
greater  than  35  mM  blocks  axoplasmic  transport.33 

Important  tools  have  been  developed  to  identify 
the  origin  of  cells  that  contribute  to  regenerating 
tissue.  These  cell  markers  and  immunological  tech- 
niques can  distinguish  populations  of  cells  such  as 
neurons,  Schwann  cells,  fibroblasts,  astrocytes,  and 
oligodendroglial  cells.  One  reason  that  neurons 
from  specific  regions  of  the  brain  and  spinal  cord 
are  studied  more  frequently  than  those  from  other 
regions  is  that  they  contain  easily  identifiable 
markers  such  as  monoamines.  A  specific  immuno- 
chemical marker  for  retinal  ganglion  cells  is  not  yet 
available,  but  the  development  of  one  would  be 
valuable  in  studies  of  optic  nerve  rescue  and 
regeneration. 

Another  important  advance  has  been  the  develop- 
ment of  tissue  culture  systems  for  the  study  of 
trophic  and  neurite-promoting  interactions  in  the 
retinotectal  system.  The  procedure  involves  the 
simultaneous  culturing  of  retinal  neurons  and  neu- 
rons from  the  tectum.  Target  organ  cells  seem  to  be 
necessary  to  stimulate  the  growth  of  the  retinal 
cells. 34  Higher  levels  of  activity  of  the  enzyme 
choline  acetyltransferase  were  produced  when  both 
kinds  of  cells  were  cultured  together  than  when 
either  kind  of  cell  was  cultured  alone. 34  The 
optimum  ratios  of  retinal  cells  to  tectal  cells  and  the 
developmental  stages  of  the  cultured  cells  have  been 
studied. 29  Further  definition  of  the  physical  and 
chemical  environment  necessary  for  the  support  of 
such  cultures  could  be  significant. 

Molecular  Aspects 

There  are  five  areas  of  research  at  the  molecular 
level  in  which  recent  advances  have  been  made  that 
may  be  significant  for  rescue  and  regeneration  of 
the  optic  nerve:  (1)  biochemical  characterization  of 
the  many  components  within  the  nerve  and  glial 
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cells  under  conditions  of  growth,  injury,  degenera- 
tion, and  regeneration; 35  (2)  biochemistry  of  the 
neuron-glia  interaction  and  the  interaction  between 
nerve  cells  and  the  nerve  and  muscle  cells  with 
which  they  synapse;  (3)  role  of  specific  genetically 
controlled  molecules  in  organizing  and  guiding  both 
the  initial  and  regenerative  development  of  the 
nervous  system;36  (4)  use  of  biochemical  tags  for 
identifying  specific  cell  types  and  measuring  cell 
function  in  degenerating  and  regenerating  neurons; 
and  (5)  effect  of  pharmacological  agents  on  growth, 
degeneration,  rescue,  and  regeneration. 

The  detailed  biochemical  characterization  of  the 
components  of  the  nerves  and  glial  cells  has  just 
begun.  The  cytoskeletal  components  of  the  axo- 
plasm  have  been  identified  in  only  a  preliminary 
way,  and  the  biochemical  basis  for  axoplasmic 
transport  has  not  been  fully  established.  Moreover, 
understanding  of  the  basic  mechanisms  of  axoplas- 
mic transport  is  incomplete,  as  are  the  mechanisms 
for  the  production  and  transport  of  the  membranous 
organelles.  The  latter  requires  the  coordinated 
activity  of  at  least  three  intracellular  systems.  The 
rough  endoplasmic  reticulum  synthesizes  the  poly- 
peptide backbone  of  membrane  proteins,  lysosomal 
enzymes,  and  proteins  that  will  be  secreted.  Proteins 
are  transported  by  way  of  the  smooth  endoplasmic 
reticulum  to  the  Golgi  system,  where  prosthetic 
groups  such  as  distal  sugars  and  sulfate  are  added. 
These  complex  molecules  usually  are  discharged 
intracellularly  in  the  form  of  vesicles,  some  of 
which  are  incorporated  into  the  plasma  membrane. 
The  smooth  endoplasmic  reticulum  within  the  axon 
appears  to  play  an  important  role  in  the  fast 
component  of  axoplasmic  transport.  It  may  function 
also  in  the  local  synthesis  of  lipids  and  may  have  an 
important  role  in  the  regulation  of  calcium  ions. 33 
The  vesicles,  which  are  produced  in  the  Golgi 
apparatus,  appear  to  be  important  in  neural  develop- 
ment and  regeneration;  they  seem  to  contain  packets 
of  neurotrophic  substances  and  other  substances 
involved  in  neurotransmission  and  maintenance  of 
postsynaptic  components. 37  The  protein  coat  of  the 
vesicles  recently  has  been  studied  using  a  fluores- 
cent anticlathrin  serum  to  search  for  the  interaction 
between  coated  vesicles  and  neurofilaments. 37 

The  precursors  of  essential  phospholipids  are 
poorly  incorporated  within  axons,  and  it  has  been 
proposed  that  local  lipid  synthesis  is  dependent  on 
adjacent  cells  such  as  Schwann  cells. 38  The  enzy- 
matic basis  for  such  activity  in  ligated  nerves  has 
been  studied. 38  Other  experiments  have  involved 
local  blockage  of  synthesis  with  the  drug  actinomy- 
cin  D. 38 

Gangliosides  are  also  important  components  of 
the  nervous  system.  The  chemical  changes  in  the 
composition  of  gangliosides  have  been  investigated 
primarily  in  peripheral  nerve  degeneration  and  to  a 
limited  extent  in  spinal  cord.  A  specific  protein  has 


been  found  in  astrocytes,  especially  in  injured  areas 
in  the  central  nervous  system.  This  protein  is  called 
glial-fibrillary  acidic  protein  (GFA),  and  it  is  mark- 
edly increased  in  gliotic  tissue. 35  The  physicochemi- 
cal  characterization  of  this  protein  and  the  mecha- 
nisms of  assembly  and  disassembly  of  its  filaments 
have  been  under  study,  especially  with  regard  to  the 
effects  of  various  substances  on  fibrous  gliosis  of  the 
retina  and  optic  nerve  after  a  crushing  injury. 35 

The  biochemistry  of  the  bidirectional  interactions 
between  a  neuron  and  the  cells  with  which  it 
connects  are  being  studied  in  embryonic  and  early 
postnatal  development,  and  after  disconnection. 16 
Not  only  is  the  neuron  influenced  by  its  target  cell, 
but  it  in  turn  exerts  an  effect  on  its  target  cell,  for 
example,  development  and  location  of  receptor  sites 
for  neurotransmitters.  In  addition,  the  neuron  is 
influenced  by  the  neurons  that  synapse  upon  it  and 
the  glial  cells  in  its  environment.  Within  the  nervous 
system,  these  bidirectional  effects  are  known  as 
transsynaptic  regulation. 16  The  effects  can  be  both 
anterograde  and  retrograde.  Transsynaptic  retro- 
grade degeneration  has  been  demonstrated  in  the 
human  visual  system.  Important  biochemical  infor- 
mation has  been  obtained  by  studying  the  long-term 
interdependence  of  neurons  and  their  peripheral 
target  organs,  for  example,  the  relationship  between 
spinal  motoneurons  and  skeletal  muscle  cells. 39 
Cyclic  AMP,  which  is  trophically  regulated  in 
muscle,  seems  to  be  important  in  the  communication 
between  muscle  cells  and  motoneurons.  Another 
group  of  substances  under  study  are  the  cell  surface 
macromolecules  in  the  muscles  and  motoneurons, 
whose  interactions  may  be  responsible  for  the 
intercellular  recognition  process. 40 

The  role  of  specific  genetically  controlled  mole- 
cules in  organizing  and  guiding  the  initial  and 
regenerative  development  of  the  nervous  system  has 
also  been  the  subject  of  intensive  study.  In  the 
Siamese  cat,  for  example,  an  abnormal  projection  of 
optic  nerve  fibers  occurs  from  the  retina  to  the 
lateral  geniculate  nucleus. 36  Unlike  the  fibers  in 
ordinary  domestic  cats  and  other  carnivores  and 
primates,  the  fibers  originating  from  the  nasal  side  of 
the  retina  do  not  completely  cross  to  the  opposite 
side  of  the  brain.  This  anomaly  appears  to  be  the 
result  of  an  abnormality  in  the  gene  that  encodes  for 
the  structure  of  tyrosinase,  an  enzyme  responsible 
for  one  stage  in  the  biosynthesis  of  melanin  in  the 
retina. 36  Evidence  that  the  abnormality  in  the 
retinal  projection  results  from  the  absence  of  mela- 
nin comes  from  the  appearance  of  similar  abnormali- 
ties in  various  mammalian  albino  mutants  having 
defects  in  the  genes  that  encode  for  other  enzymes 
in  the  pathway  of  melanin  synthesis. 36 

Chemical  agents  are  thought  to  play  an  important 
role  in  stimulating  axon  outgrowth  and  directing 
neurons  to  their  appropriate  targets.  A  current 
candidate  is  nerve  growth  factor  (NGF),  which  is 
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believed  to  be  a  prototype  of  a  class  of  proteins  that 
enhance  or  direct  neuronal  growth.  NGF  promotes 
optic  nerve  regeneration  in  fish  and  amphibia;  a 
human  disorder,  familial  dysautonomia,  in  which 
abnormal  development  of  sympathetic  and  sensory 
neurons  occurs,  is  believed  to  be  related  to  a  lack  of 
NGF.  Because  not  all  nerves  are  affected  by  NGF, 
analogous  agents  that  enhance  directional  axon 
growth  in  other  types  of  neurons  are  being  sought. 

Biochemical  methods  have  been  particularly 
useful  for  identifying  cell  types  and  assessing  cellu- 
lar viability,  both  of  which  are  essential  for  demon- 
strating that  regeneration  has  proceeded  successful- 
ly from  the  site  of  injury  to  the  target  organ. 
Immunochemical  markers  are  being  developed  to 
tag  specific  cell  types,  and  as  mentioned  previously, 
monoamines  have  been  used  for  identifying  certain 
groups  of  brain  cells.  Another  material  known  as 
substance  P  is  an  undecapeptide,  which  functions  as 
a  neurotransmitter-like  substance  for  dorsal  root 
afferent  fibers  that  terminate  in  the  dorsal  horn  of 
the  spinal  cord. 41  The  uptake  of  various  materials 
into  cells  at  the  proximal  or  distal  end  of  the  axon 
(for  example,  horseradish  peroxidase  and  radioac- 
tive amino  acids)  has  been  used  for  tracing  path- 
ways and  demonstrating  continuity. 4243  Labeled 
precursors  of  RNA  taken  into  retinal  ganglion  cells 
have  been  studied  in  the  goldfish. 4445  In  addition, 
similar  studies  have  been  directed  toward  the 
radiolabeling  of  axonally  transported  protein  includ- 
ing tubulin  and  glycoproteins. 4647 

Immunochemical  methods  have  been  used  to 
localize  enzymes  in  the  goldfish  optic  nerve,  specifi- 
cally, the  localization  of  (Na  + ,  K  + )  -  ATPase  to  the 
regions  of  the  nodes  of  Ranvier. 48  The  enzymes 
cholinacetyltransferase  and  acetylcholinesterase  also 
have  been  studied  in  goldfish. 49  A  toxin  obtained 
from  snakes  (alpha-bungarotoxin)  is  useful  for  iden- 
tifying receptor  sites  to  which  the  neurotransmitter 
acetylcholine  binds.  Although  it  is  not  yet  known 
whether  acetylcholine  serves  as  a  neurotransmitter 
in  the  goldfish  (or  in  higher  vertebrates)  an  in- 
creased binding  of  labeled  bungarotoxin  in  the 
goldfish  tectum  after  reinnervation  following  axo- 
tomy  has  been  demonstrated. 50  Nerve  growth  factor 
has  been  studied  for  its  effects  on  acetylcholinester- 
ase and  acetylcholine  receptors  in  tissue  cultures  of 
chick  embryo  sympathetic  neurons  and  on  a  respon- 
sive clonal  cell  line  of  rat  pheochromocytoma. 51 

A  number  of  pharmacological  agents  affect  the 
structural  integrity  of  neurons  and/or  glial  cells.  A 
number  of  drugs  have  been  particularly  useful  for 
inducing  chemical  axotomy.  For  example,  injecting 
6-hydroxydopamine  into  the  cisterna  surrounding 
the  brain  of  rats  destroys  the  forebrain  noradrener- 
gic projection,  while  there  is  a  regenerative  re- 
sponse of  noradrenergic  fibers  in  the  cerebellum  and 
brainstem.52-54  Intraventricular  injections  of  5,6- 
DHT  (dihydroxytryptamine)  produce  axotomy  in 


the  bulbospinal  serotonin  system. 5556  In  the  regen- 
eration that  follows,  neurotransmitter  biosynthetic 
mechanisms  recover  extensively  and  function  is 
restored.  This  improvement  seems  to  be  due  to  a 
combination  of  axonal  regeneration,  increased  utili- 
zation of  the  transmitter,  and  development  of 
receptor  supersensitivity  in  areas  of  incomplete 
regeneration. 5556  Selective  loss  of  specific  neuronal 
systems  can  be  obtained  with  the  direct  application 
of  colchicine,  which  affects  the  neurotubular  mech- 
anisms. 57  Nonselective  injuries  also  are  frequently 
produced  by  anoxia  or  nonspecific  poisons. 

A  variety  of  drugs  appear  to  have  important 
effects  on  the  functional  connections  between  neu- 
rons of  the  visual  system.  Some  have  been  tested  in 
experimental  amblyopia  where  the  central  input 
from  the  nonamblyopic  eye  is  overwhelmingly 
predominant. 58  This  predominance  may  result  from 
inhibition  of  input  from  the  amblyopic  eye.  Drugs 
which  diminish  the  inhibitory  actions  of  neurotrans- 
mitters such  as  the  catecholamines  or  gamma- 
aminobutyric  acid  (GABA)  have  been  tested  in 
experimental  amblyopia.  For  example,  6-hydroxy- 
dopamine, which  destroys  catecholamine-containing 
neurons,  prevented  loss  of  binocularity  in  monocu- 
larly  deprived  kittens,  whereas  intraventricular  in- 
jection of  norepinephrine  increased  the  loss  of 
binocularity. 58  Another  agent,  Naloxone,  has  been 
studied  because  one  of  its  effects  is  to  antagonize  the 
inhibitory  effects  of  the  central  nervous  system 
transmitter,  GABA. 58  Naloxone  also  has  been  used 
successfully  to  improve  recovery  in  cats  subjected 
to  cervical  spinal  trauma.  59The  mechanisms  of  drug 
action  may  be  indirect,  for  Naloxone  probably 
prevents  the  lowering  of  systemic  blood  pressure 
and  improves  local  spinal  cord  blood  flow. 

Conflicting  results  were  reported  when  GABA 
was  administered  to  amblyopic  cats,  substantial 
restoration  of  binocular  input  to  the  visual  cortex 
was  demonstrated  by  single-unit  recordings  (see 
Volume  Two,  Part  Five,  Report  of  the  Strabismus, 
Amblyopia,  and  Visual  Processing  Panel). 

Other  drugs  that  appear  to  improve  the  binocular- 
ity of  monocularly-deprived  cats  are  bicuculine,  and 
intravenous  administration  of  ammonium  chloride 
and  ammonium  acetate.58  Exogenous  gangliosides 
have  been  investigated  to  determine  whether  intra- 
ocular administration  will  improve  regeneration  in 
the  crushed  optic  nerve  of  carp  fingerlings. 60  The 
results  were  negative,  although  the  gangliosides  do 
have  a  useful  effect  on  synapse  formation  in  tissue 
culture  systems.  A  specific  cyclic  nucleotide 
(N602 — dibutyryl  adenosine  3',5'-monophosphate) 
has  been  identified;  it  seems  to  facilitate  the  re- 
growth  of  interrupted  axons  by  its  effect  on  contrac- 
tile proteins  and  microtubules  within  a  regenerating 
axon  stump. 23 
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RESEARCH  NEEDS 
AND  OPPORTUNITIES 

Although  much  effort  has  been  directed  toward  the 
problems  of  reconnecting  a  severed  optic  nerve  and 
reestablishing  functional  recovery,  clinicians  and 
basic  scientists  have  had  less  interest  in  applying 
information  on  central  nervous  system  regeneration 
to  the  rescue  of  injured  neurons  in  the  optic  nerve 
and  retina  in  patients  with  nonprogressive  disorders 
of  these  structures.  The  Society  for  Neuroscience 
has  established  a  Section  on  Regeneration  to  pro- 
vide a  forum  for  the  increasing  number  of  reports 
on  development,  regeneration,  and  plasticity  of  the 
nervous  system,  but  ophthalmologic  and  other 
vision  research  organizations  have  not  followed  suit. 
Therefore,  an  immediate  problem  is  to  focus  atten- 
tion on  the  many  opportunities  that  exist  for  studies 
of  rescue  and  regeneration  in  the  optic  nerve  and 
retina. 

There  is  a  need  for  further  analysis  of  systems 
that  regenerate  successfully,  particularly  in  teleost 
fish,  which  have  myelinated  optic  nerves.  The 
phenomena  of  axoplasmic  transport — initiation,  con- 
trol, and  metabolism — need  to  be  defined  further. 
The  relationships  between  events  occurring  at  the 
synapse  or  the  cut  end  of  the  axon  and  the  cell  body 
need  to  be  determined  to  find  ways  to  enhance 
axonal  regrowth.  Little  knowledge  exists  of  the 
effects  of  neighboring  cells  and  specific  molecules 
on  the  process  of  regeneration.  The  effects  of 
conditioning  lesions  and  previous  injuries  on  neu- 
rons that  regenerate  successfully  also  require  further 
study.  Closely  associated  with  the  study  of  axons 
that  regenerate  successfully  is  the  analysis  of  the 
relationship  between  the  normal  retinal  ganglion 
cell  body  and  its  optic  nerve  axon.  This  involves  not 
only  the  transport  of  molecular  building  blocks,  but 
very  likely  chemical  signals  that  may  enhance  or 
inhibit  the  production  of  these  molecules. 

Animals  in  which  optic  nerve  regeneration  does 
not  occur  need  further  study,  particularly  with 
regard  to  the  interaction  between  axons  and  glia. 
The  rescue  and  regeneration  of  neurons  within  the 
retina  have  received  hardly  any  attention.  Although 
interest  has  increased  in  the  pathogenetic  mecha- 
nisms of  the  retinal  dystrophies  and  degenerations, 
little  attention  has  been  paid  to  factors  that  might 
promote  the  survival  of  nerve  cells  and  prevent  the 
proliferation  of  non-neuronal  elements  in  the  retina. 

At  the  cellular  level,  tissue  culture  of  retinal 
neurons  and  glial  cells  should  be  encouraged. 
Techniques  for  isolating  and  maintaining  individual 
types  of  cells  (for  example,  retinal  ganglion  cells, 
bipolar  cells,  horizontal  cells,  photoreceptors,  and 
Miiller  cells)  will  have  to  be  developed  (see  Chapter 
8,  "Retinal  Pigment  Epithelium;"  Chapter  9,  "Pho- 
toreceptors, Visual  Pigments,  and  Pnototransduc- 


tion;"  Chapter  10,  "Retinal  Organization,  Neuro- 
transmission, and  Adaptation"  and  Chapter  11, 
"Glial  Cells  and  the  Retinal  Microenvironment"). 
As  these  become  available,  it  may  be  possible  to 
define  cellular  interactions  and  the  conditions  that 
optimize  growth  and  regeneration  of  such  cells. 
Tissue  culture  techniques  also  may  be  useful  for 
initially  screening  the  efficacy  of  therapeutic  agents, 
although  in  vivo  studies  would  be  needed  at  a  later 
stage. 


RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Rescue  and  Regeneration  of 
Neurons  in  the  Optic  Nerve  and  Retina,"  the  Panel 
has  made  the  following  recommendations  concern- 
ing research  in  this  subprogram  over  the  next  five 
years.  These  have  all  been  designated  as  Program 
Development  Priorities  and  include  areas  of  on- 
going research  in  which  new  knowledge  and  tech- 
niques offer  particular  opportunities  for  scientific 
progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research    grants   in    these   areas   are   forthcoming. 

Program  Development  Priorities 

■  Develop  new  primate  and  other  adult  mammalian 
models  for  research  on  optic  nerve  and  retinal 
rescue  and  regeneration. 

■  Investigate  neuronal-glial  interactions  in  the 
retina  and  optic  nerve  and  their  relationship  to 
the  problem  of  regeneration. 

■  Expand  research  on  biochemical  and  physiologi- 
cal processes  in  the  retina  and  optic  nerve  to 
elucidate  the  factors  which  prevent  degeneration 
and  enable  regeneration. 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
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needed  to  carry  out  its  recommendations  in  FY        and  significance  of  these  projections,  see  the  "Sum- 
1983.  These  estimates  are  shown  in  the  table  on  the        mary"  at  the  beginning  of  this  report, 
following  page.  For  a  discussion  of  the  general  basis 
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RESOURCE  TABLE 

RESCUE  AND  REGENERATION  OF  NEURONS  IN  THE 
OPTIC  NERVE  AND  RETINA 

No.  of  Grants                     Panel  Recommendation  FY  83 
FY  1981 Add.  Grants Total  Grants 

Program  Development  Priorities 

A.  Develop  new  primate  and  other  adult  mammalian  1  2  3 
models  of  optic  nerve  and  retinal  rescue  and 

regeneration. 

B.  Investigate  neuronal-glial  interactions  in  the  retina  and  0  2  2 
optic  nerve  and  their  relationship  to  the  problem  of 

regeneration. 

C.  Expand  research  on  biochemical  and  physiological  1  12 
processes  in  the  retina  and  optic  nerve  to  elucidate 

factors  which  prevent  degeneration  and  enable 
regeneration. 

Subtotal  Grants  2  5  7 

(<%  of  Program)  (1)  (5)  (1) 

Total  Estimated  Cost  $136,000  $599,000  $735,000 
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NONINVASIVE 
TECHNIQUES  IN 
THE  STUDY  OF 
RETINAL 
DISORDERS 

INTRODUCTION 


BECA  USE  THE  RETINA  is  well  protected  by  the 
vascular  and  tough  scleral  coats  of  the  eye,  it  is  not 
easily  accessible  for  study.  Biopsy  of  retinal  tissue  is 
rarely  performed  because  of  the  delicacy  of  the 
tissue  and  the  inherent  risks  to  vision  involved. 
Thus,  to  perform  more  accurate  diagnoses  and 
acquire  a  greater  understanding  of  retinal  disease 
processes,  it  is  essential  to  utilize  noninvasive  test 
procedures,  that  is,  to  deduce  the  necessary  infor- 
mation through  the  judicious  use  of  light  or  sound 
waves  or  by  other  means  that  do  not  require 
penetrating  the  globe.  The  development  of  these 
noninvasive  methods  has  become  a  fruitful  and 
exciting  investigative  area. 

Improved  noninvasive  tests  may  lead  to  a  more 
accurate  classification  of  retinal  disease  processes, 
improved  ability  to  differentiate  among  retinal 
anomalies,  and  new  or  improved  methods  of  treat- 
ing retinal  diseases.  The  principal  objectives  of  this 
research  are  to  define  accurately  the  natural  history 
of  retinal  disorders  and  identify  functionally  abnor- 
mal cells.  Such  studies  attempt  to  answer  a  number 
of  important  questions:  What  are  the  first  signs  of 
the  anomaly?  Does  it  spread?  What  other  tissues  are 
involved?  Is  it  an  acute  or  a  chronic  process?  Is 
there  still  capacity  for  recovery  at  certain  stages  of 
the  disease?  Is  the  lesion  defined  by  the  anomaly 


observed  ophthalmoscopically,  or  are  there  nonvisi- 
ble  functional  alterations  that  extend  beyond  the 
observed  boundaries?  Does  one  test  provide  the 
same  information  as  that  obtained  by  other  meth- 
ods? 

The  precise  localization  of  the  retinal  defect 
produced  by  pathological  processes  is  crucial  in 
determining  target  loci  for  treatment  and  evaluating 
the  status  of  the  disease.  Tests  of  both  localized  and 
mass  responses  help  in  determining  whether  a  given 
therapy  is  successful.  A  detailed  picture  of  the 
pathological  process  is  also  necessary  for  develop- 
ing suitable  animal  models  of  human  retinal  disease. 

Fine  distinctions  also  need  to  be  made  between 
inherited  congenital  anomalies  and  those  acquired  in 
utero  or  shortly  after  birth.  Some  distinctions  can  be 
made  if  carefully  documented  family  trees  can  be 
established,  but  this  is  not  always  possible.  Refined 
diagnostic  procedures  that  enable  early  detection  of 
affected  individuals  or  carriers  are  necessary  for 
sound  genetic  counseling. 

Because  improved  methods  for  early  diagnosis 
and  more  precise  localization  of  retinal  disorders  are 
central  to  the  realization  of  the  goals  of  the  National 
Eye  Institute's  Retinal  and  Choroidal  Diseases 
program,  the  Institute  and  the  National  Advisory 
Eye  Council  have  strongly  emphasized  the  need  for 
more  research  in  this  area. 1-2 


SUBPROGRAM 
OBJECTIVES 


To  develop  improved  noninvasive  tests  of  retinal 
function. 

To  apply  noninvasive  techniques  to  improve  the 
prevention,  diagnosis,  and  management  of  retinal 
disease  in  human  infants  and  adults. 
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OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 

Noninvasive  testing  and  methods  development  rep- 
resents a  cross-cutting  area  of  research  which  is 
important  to  all  subprograms  of  the  Retinal  and 
Choroidal  Diseases  program.  In  FY  1981  the  Na- 
tional Eye  Institute  supported  10  grants  in  this 
subprogram  at  a  total  cost  of  $1,176,000  for  research 
on  noninvasive  tests  of  retinal  neural  function  and 
blood  flow,  and  for  the  development  and  applica- 
tion of  television  ophthalmoscopy.  Twenty-four 
other  NEI  grants,  classified  in  other  Retinal  and 
Choroidal  Diseases  subprograms,  included  research 
involving  noninvasive  techniques  for  assessing  the 
retina  and  choroid.  The  specific  research  problems, 
needs,  and  opportunities  relating  to  the  use  of  these 
techniques  are  detailed  in  Chapter  1,  "Diabetic 
Retinopathy,  Sickle  Cell  Retinopathy,  and  Other 
Vascular  Abnormalities;"  Chapter  3,  "Tumors;" 
Chapter  4,  "Developmental  and  Hereditary  Disor- 
ders;" Chapter  5,  "Macular  Degeneration;"  Chapter 
8,  "Retinal  Pigment  Epithelium;"  and  Chapter  10, 
"Retinal  Organization,  Neurotransmission,  and  Ad- 
aptation." 


RECENT 
ACCOMPLISHMENTS 

Ophthalmoscopic  Techniques 

Ophthalmoscopic  devices  use  the  optics  of  the 
patient's  eye  to  aid  the  clinician  in  viewing  the 
internal  structure,  including  the  retina.  When  cou- 
pled to  photographic  elements,  these  instruments 
are  called  fundus  cameras.  After  years  of  little 
development  in  this  area,  a  broad  range  of  new 
instruments  has  appeared  recently;  these  allow 
wide-angle  photography  of  the  retina  and  offer 
considerable  advantage  to  the  diagnostician.  One 
such  unit  images  virtually  the  entire  retina  on  a 
single  photographic  frame;3  others  make  possible 
views  of  45  degrees  or  more.  Anyone  who  has 
patiently  pieced  together  photomontages  of  several 
retinal  photographs  can  attest  to  the  significance  of 
these  developments. 

Infrared  fundus  cameras  also  are  now  available 
which  permit  the  investigator  to  align  and  focus  the 
subject's  eye  in  a  room  with  reduced  illumination 
and  to  photograph  the  retina  without  dilating  the 
pupil.  The  infrared  light,  invisible  to  the  patient,  is 
converted  into  visible  light  for  the  investigator  to 
see  necessary  details  of  the  retina  on  a  TV-like 
display. 


Infrared  cameras  also  make  possible  a  major  new 
diagnostic  approach,  the  linking  of  fundus  cameras 
to  perimetric  testing.  A  perimeter  is  an  instrument 
designed  to  evaluate  visual  function  at  topographi- 
cally defined  loci  in  the  visual  field,  that  portion  of 
the  external  environment  of  the  observer  in  which 
the  steadily  fixating  eye(s)  can  detect  visual  stimuli. 4 
The  examiner  can  look  at  a  retinal  lesion  on  the  TV 
screen  and  test  visual  function  by  back-projecting  a 
target  through  the  camera  to  the  appropriate  retinal 
area.  In  this  way,  a  visible  retinal  lesion  can  be 
related  to  the  degree  of  functional  involvement.  5~ 10 

Holographic  techniques  can  be  applied  to  fundus 
photography  to  obtain  three-dimensional  views  in  a 
single  interferogramic  record.  Sequential  recordings 
allow  detection  of  very  fine  changes  over  time. 
Early  successful  results  have  now  been  pub- 
lished, n~13  although  there  is  a  problem  with  the 
amount  of  light  needed  for  recording  the  hologram. 

By  using  fundus  cameras  modified  for  special 
purposes,  fine  details  of  fundus  changes  have  been 
revealed.  Physical  changes  in  the  contour  of  the 
cup-like  optic  nerve  head  have  been  found  to  be 
temporally  related  to  the  development  of  visual 
field  defects  in  glaucoma.  New  methods  for  detect- 
ing such  changes  have  been  developed  using  both 
superposition  and  stereoscopic  techniques,  which 
enable  comparison  of  near-identical  fundus  pictures 
of  the  optic  nerve  head  photographed  at  different 
times. 14 

Selective  filtering,  for  example,  using  red-free 
wavelengths,  has  permitted  detection  of  early  reti- 
nal nerve  fiber  bundle  anomalies. 15  Measuring  the 
reflected  spectrum  from  the  retina  following  selec- 
tive bleaching  of  the  light-sensitive  visual  pigments 
contained  in  the  photoreceptors  allows  detection  of 
the  individual  photosensitive  pigments  and  meas- 
urements of  their  rates  of  bleaching  and  reforma- 
tion. This  important  index  of  photoreceptor  re- 
sponse capability  ia  16  has  been  useful  in  detecting 
disease  processes  that  affect  specific  receptor  groups 
(for  example,  rods  versus  cones  or  one  group  of 
cones  versus  another). 17  Collectively,  such  tests  are 
termed  fundus  reflectometry.  Similar  techniques 
also  have  been  used  to  measure  blood  flow,  oxi- 
metry, and  permeability  of  retinal  and  optic  nerve 
head  capillaries. 18, 19 

Ultrasonographic  Techniques 

Ultrasonography  uses  the  physical  properties  of 
high-pitched  sound  waves  traveling  through  a  liquid 
medium  and  reflected  from  interposed  structures  to 
locate  foreign  bodies  in  the  orbit,  look  behind 
opacities  for  retinal  detachments  and  tumors,  and 
measure  ocular  dimensions.  Techniques  of  measure- 
ment, data  analysis,  and  display  formats  for  ultraso- 
nography have  evolved  rapidly  in  recent  years.20,21 
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One  recent  application  has  been  the  use  of  ultra- 
sound, coupled  with  minicomputers,  to  provide 
read-outs  for  the  ophthalmic  surgeon  to  use  in 
selecting  intraocular  lens  implants  of  an  appropriate 
power  for  individual  aphakic  patients.  Recently, 
ultrasound  has  been  used  therapeutically  to  attempt 
to  break  vitreous  membranes  and  as  a  possible 
approach  to  tumor  treatment. 22-23 

Other  Noninvasive  Methods 

Visual  functions  can  now  be  tested  noninvasively  in 
a  variety  of  ways,  either  objectively  or  subjectively. 
Examples  of  the  former  are  fundus  reflectometry 
(discussed  above),  light-evoked  ocular  potentials, 
and  contraction  of  the  pupil  following  exposure  to 
controlled  light  stimuli.  Subjective  responses  require 
active  participation  by  the  individual  being  exam- 
ined. The  subject  may  simply  need  to  indicate  when 
a  target  is  first  seen  or  may  be  required  to  choose 
one  of  two  targets  as  being  brighter,  redder,  nearer, 
larger,  or  moving  more  rapidly.  Such  subjective 
tests  are  generally  called  psychophysical  tests  of 
vision. 

One  psychophysical  test  in  which  substantive 
progress  has  been  made  is  perimetry.  In  the  years 
following  World  War  II,  well-calibrated  perimeters 
were  developed;  they  used  higher  background 
adapting  levels  and  were  capable  of  kinetic  (detec- 
tion of  a  moving  target)  and  static  (detection  of  a 
nonmoving  target  of  variable  luminance)  meas- 
urements. These  refined  instruments  set  the  stage  for 
the  rapid  advances  being  made  today.  Perimetry  is 
still  an  art,  although  investigators  have  moved 
rapidly  toward  defining  its  scientific  base.  Semi- 
automated  and  automated  devices  have  been  devel- 
oped to  perform  examinations;  to  monitor  eye 
movements  and  responses,  and  to  follow  a  variety  of 
preprogrammed  schemes  for  testing  various  features 
of  the  visual  field.  Others  are  essentially  screening 
devices  for  given  target  populations.  Many  papers 
on  this  topic  were  presented  at  a  meeting  of  the 
International  Perimetric  Society  in  Bristol  in  1980. 24 

A  second  major  development  is  the  evolution  of 
the  fundus  perimeter  mentioned  previously  in  this 
chapter.  This  is  a  combination  of  the  infrared  fundus 
camera  and  the  perimeter,5-9  whose  purpose  is  to 
allow  the  examiner  to  perform  a  series  of  functional 
tests  in  and  around  the  area  of  a  visualized  lesion. 
More  recently,  computerized  field  testing  has  added 
a  new  degree  of  sophistication  to  visual  field 
examination. 

By  combining  a  variety  of  electrophysiological 
tests,  fundus  reflectometry,  and  psychophysical 
tests,  advanced  analyses  can  be  performed. 25  Evi- 
dence is  accumulating  that  this  approach  has  great 
value  in  correlating  functional  changes  with  visible 
abnormalities. 


A  number  of  subjective  and  objective  tests  have 
been  developed,  which  have  been  used  to  improve 
localization  of  lesions  at  selected  points  along  the 
visual  pathway.  The  studies  have  utilized  the  local 
(or  focal)  and  retina-wide  electroretinogram, 10'26-28 
tests  of  photoreceptor  alignment  and  sensitiv- 
ity 9,29,30  cjark  adaptation,10-28  increment  threshold 
measurements, 9-29-30  analysis  of  receptive-field  prop- 
erties, 9,29,3°  evaluation  of  color  vision  data  process- 
ing,31-34 a  number  of  time-dependent  measures  for 
lesions  central  to  the  optic  nerve  head,  and  the 
visually  evoked  response.  9-29.3<>.35.36 

Through  the  use  of  such  tests,  it  has  been  possible 
to  identify  in  some  instances  the  cellular  elements 
that  are  the  primary  targets  for  the  pathological 
condition,  to  differentiate  subclasses  of  pathology, 
and  to  chart  the  spread  and  remission  of  pathologi- 
cal processes,  both  within  and  across  the  retina.  In 
addition,  the  knowledge  gained  from  studies  of 
individual  disease  processes  has  permitted  differenti- 
ation among  multiple  pathological  processes  and 
evaluation  of  the  efficacy  of  some  treatments.  These 
tests  have  been  applied  to  a  broad  range  of  retinal 
diseases,  including  different  types  of  retinitis  pig- 
mentosa,26,27  stationary  night  blindness  (fundus 
albipunctatus  and  Oguchi's  disease), 10-16-26  some 
retinal  tumors,  central  serous  choroidopathy,37 
Best's  vitelliform  disease,38  involutional  macular 
degenerations, 9-39-40  diabetic  retinopathy,  retinal  de- 
tachments, s8  retinal  traumas, 41  tractional  lesions  of 
the  retina,41-42  glaucoma,  anterior  ischemic  optic 
neuropathy,  other  forms  of  optic  neuritis 9- 43  includ- 
ing that  induced  by  multiple  sclerosis, 35,36,44  and  a 
variety  of  inflammatory,  space-occupying,  and  is- 
chemic and/or  infarct-type  lesions  of  the  optic 
pathways. 45  The  fact  that  this  list  is  growing  rapidly 
and  fine  discriminations  are  being  made  in  response 
to  carefully  formulated  scientific  questions  is  prom- 
ising for  further  developments. 

A  new  test  that  is  attracting  much  attention  is  the 
contrast  sensitivity  function,  a  version  of  the  modu- 
lation transfer  function  which  has  had  broad  accep- 
tance in  electronics  and  optics.  Recognition  and 
interpretation  of  objects  may  be  considered  a 
complex  act,  dependent  upon  the  synthesis  of  inputs 
from  objects  of  different  sizes,  contrast,  brightness, 
and  image  sharpness.  Each  object  may  comprise  a 
complex  of  elements  with  different  dimensions 
(spatial  frequencies)  and  varying  contrasts.  Thus,  a 
more  complete  view  of  an  individual's  visual  capa- 
bility may  be  obtained  by  evaluating  just  detectable 
contrast  sensitivity  to  a  number  of  objects  of 
different  size.  This  is  somewhat  similar  to  a  Fourier 
analysis  of  the  visual  system.  Comparable  temporal 
frequency  (time  resolution)  responses  as  a  function 
of  contrast  can  be  assessed  as  well. 

This  approach  is  popular  among  investigators  and 
clinicians.  Available  tests  have  been  applied  to  a 
broad  range  of  conditions,  including  aphakia, 45-46 
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several  retinal  diseases, 47i4S  glaucoma,  49,5° 
myopia, 46,51  amblyopia,  and  retrobulbar  optic  nerve 
lesions.52  However,  many  published  studies  lack 
appropriate  controls  for  such  factors  as  retinal 
image  blur,  luminance,  pupil  size,  and  test  distance. 
For  example,  several  papers  at  the  International 
Congress  of  Ophthalmology  and  associated  sympo- 
sia held  in  Japan  in  1978  suggested  that  people  who 
are  aphakic  have  a  loss  in  low-frequency  response, 
that  is,  are  less  sensitive  to  larger  dimension  size 
wave  patterns.  Since  then,  certain  of  these  findings 
have  been  shown  to  be  a  magnification  artifact.46 
However,  studies  have  revealed  true  low-frequency 
fall-off  in  aged  individuals, 53  and  also  low-frequency 
changes  in  patients  with  open-angle  glaucoma.4950 

One  of  the  problems  in  measuring  low-frequency 
responses  is  that  several  cycles  of  the  test  pattern 
are  needed,  and  this  may  extend  the  test  pattern 
beyond  the  macular  area.  Thus,  it  is  not  always 
clear  that  central  visual  function  is  being  measured 
in  these  instances.  The  latter  problem  is  important  in 
considering  diseases  affecting  the  macula  or  in 
measuring  early  visual  function  in  infants.  There  has 
been  an  excellent  suggestion  to  establish  standards 
for  contrast  sensitivity  testing. 53  Such  an  effort 
would  help  clarify  what  is  being  tested  and  establish 
meaningful  test  criteria. 

Another  important  research  area  is  the  develop- 
ment of  visual  function  in  newborn  infants.  Studies 
of  sensory  deprivation  amblyopia  have  shown  that 
unresolved  deficiencies  present  during  one  or  more 
critical  periods  in  the  development  of  vision  in  early 
life  result  in  profound  and  largely  irreversible  visual 
loss. 5455  Proper  tests  of  visual  function  are  needed 
to  assess  accurately  the  status  of  infant  vision  and 
evaluate  attempts  to  resolve  visual  anomalies  of 
infancy.  Preferential  looking, 56"59  visually  evoked 
responses,6061  optokinetic  nystagmus,  and  other 
techniques  are  being  developed  to  assess  visual 
acuity,     contrast     sensitivity     functions,62     color 


vision, 63    and    stereopsis. ' 


It    is    hoped    that    a 


battery  of  techniques  suitable  for  clinical  application 
will  emerge.  Priorities  for  these  studies  are  present- 
ed in  Volume  Two,  Part  Five,  Report  of  the  Strabis- 
mus, Amblyopia,  and  Visual  Processing  Panel. 

Earlier  sections  of  this  report  have  stressed  the 
unique  physical,  chemical,  and  functional  properties 
of  the  visual  cell.  In  particular,  it  has  been  known 
since  the  last  century  that  the  photoreceptors  are 
photomotile  in  some  species  such  as  amphibians  and 
several  types  of  fish.  That  is,  the  photoreceptors 
elongate  and  contract  at  different  light  levels.  These 
actions  occur  when  light  level  is  changed  and  allow 
switching  of  dominant  functioning  receptor  sets 
(rods  and  cones)  in  these  species. 

Human  photoreceptors  may  also  show  some 
degree  of  phototropism.  About  a  decade  ago,  it  was 
demonstrated  that  the  photoreceptors  pointed 
toward  an  anterior  point  in  the  eye, 66  and  through 


the  use  of  the  Stiles-Crawford  function  (that  is, 
assessing  the  directional  sensitivity  of  the  retina),  it 
was  noted  that  the  reference  for  alignment  approxi- 
mates the  center  of  the  exit  pupil. 67  Further,  this 
arrangement  can  be  upset  experimentally. 68  Pro- 
longed occlusion  of  the  eye  caused  alignment 
dispersal,  and  wearing  a  displaced  aperture  contact 
lens  caused  a  change  in  alignment. 69-70  Moreover,  in 
a  patient  who  had  a  displaced  pupil,  it  was  possible 
to  alter  a  displaced  Stiles-Crawford  function  toward 
a  more  normal  alignment  by  having  the  individual 
wear  a  centered  aperture  contact  lens. 68-71 

By  following  changes  in  photoreceptor  alignment 
in  neurosensory  retinal  detachment  and  retinal 
pigment  epithelial  detachment,  investigators  have 
shown  that  the  retinal  pigment  epithelium  plays  a 
role  in  maintaining  proper  alignment  of  the  photore- 
ceptors and  associated  anatomical  elements72  (see 
Chapter  8).  Further,  it  is  well  known  that  improved 
photoreceptor  alignment  often  occurs  after  neuro- 
sensory retinal  detachments  resolve.38  Determining 
the  status  and  nature  of  the  mechanisms  underlying 
photoreceptor  alignment  is  important  in  defining  the 
integrity  of  the  photoreceptor  in  disease  and  should 
be  of  continuing  value  in  localizing  pathological 
processes.  The  ability  to  alter  alignment  may  pro- 
vide one  more  means  of  influencing  retinal  function 
positively.  69~71 

A  continuing  problem  for  the  ocular  surgeon  in 
diagnosis  is  the  assessment  of  visual  function  in 
patients  who  have  opacities  or  scattering  bodies  in 
the  preretinal  ocular  media.  Several  promising  leads 
for  this  problem  are  being  pursued,  including 
evaluation  of  interferometric  techniques,73,74  meas- 
urements through  the  sclera  (or  lid)  of  the  visually 
evoked  potential,  and  studies  of  hyperacuity  para- 
digms. 

The  earliest  diagnostic  applications  of  electroreti- 
nographic  testing  (ERG)  took  advantage  of  the  fact 
that  this  easily  recorded  electrical  potential  repre- 
sented a  massed  discharge  from  the  entire  sensory 
retina  and  used  psychophysical  data  to  separate 
stimulus  conditions  for  rod  and  cone  activity. 75 
Differences  between  the  two  photoreceptor  types 
with  regard  to  retinal  adaptation,  temporal  resolu- 
tion (flicker  alternation  rates),  and  spectral  sensitiv- 
ity, allowed  independent  assessment  of  the  rod  and 
cone  systems.  For  example,  only  cone-mediated 
responses  are  elicited  by  flashes  presented  to  the 
light-adapted  eye  or  by  rapidly  flickering  the  light 
at  rates  higher  than  25/sec;  rod-mediated  activity 
can  be  sampled  by  dim  blue  flashes  of  light 
presented  to  a  dark  adapted  eye.  This  testing  had 
immediate  application  in  evaluating  infants  and 
children  with  visual  loss  for  whom  extensive  psy- 
chophysical determinations  are  not  possible. 76 

Though  the  ERG  has  provided  valuable  diagnos- 
tic information  about  many  types  of  eye  diseases,  its 
unique  properties  are  well-demonstrated  in  a  class  of 
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conditions  known  as  the  congenital  cone  dysfunc- 
tion syndromes. 77  Patients  with  one  form  of  the 
disease,  rod  monochromatism,  have  the  following 
symptoms:  nystagmus,  poor  visual  acuity,  photo- 
phobia, and  complete  loss  of  color  vision.  These 
symptoms,  which  are  present  at  birth  and  continue 
throughout  life,  derive  from  a  generalized  loss  of 
functioning  cones.  Although  the  symptoms  also 
occur  in  several  other  eye  diseases,  such  as  general- 
ized retinal  degeneration,  localized  macular  degen- 
eration, optic  nerve  disease,  or  incomplete  albinism, 
a  definitive  diagnosis  can  be  made  quickly  using  the 
ERG.  Rod  monochromats  uniquely  cannot  generate 
an  ERG  following  response  to  a  bright  flickering 
flash  but  do  show  normal  dark-adapted  (rod)  poten- 
tials. 

Refinements  of  stimuli  have  brought  electroreti- 
nographic  analysis  of  rod  and  cone  function  to  a 
highly  quantitative  level.  If  a  pair  of  scotopically 
balanced  long  and  short  wavelength  flashes  are 
presented  at  different  levels  of  retinal  light  adapta- 
tion, the  functional  status  of  rod  and  cone  activity 
(as  judged  by  their  b-wave  amplitudes)  can  be 
ascertained. 78 

The  time-to-peak  of  the  ERG  b-wave  (implicit 
time)  following  a  flash  is  also  of  diagnostic  value. 
Many  acquired  retinal  diseases  may  resemble,  either 
functionally  or  ophthalmoscopically,  the  more 
severe  heredoretinal  degenerations.  Rubella  retinitis, 
for  example,  or  any  of  the  other  varieties  of 
chorioretinitis  may  be  difficult  to  separate  from  the 
more  severe  retinal  abiotrophies.  When  such  dis- 
eases occur  in  children  on  whom  reliable  subjective 
testing  cannot  be  performed,  ERG  testing  may  be 
the  only  means  to  obtain  meaningful  data.  It  has 
been  found  that  most  forms  of  primary  retinal 
degenerations  are  associated  with  an  increase  in  the 
peak  time  of  rod  and  cone  b-waves  of  the  ERG. 
Inflammatory  diseases  of  the  retina,  or  localized 
atrophic  changes,  on  the  other  hand,  produce 
decrements  in  ERG  amplitude  but  a  normal  time-to- 
peak  interval. 79  To  measure  ERG  latency  values 
accurately,  techniques  were  developed  to  ensure 
homogeneous  distribution  of  flash  luminance  across 
the  entire  retinal  surface. 80,81 

ERG  b-wave  implicit  times  also  have  been  of 
value  in  distinguishing  among  forms  of  retinal 
degeneration  that  have  different  modes  of  genetic 
transmission.  It  was  found,  for  example,  that  pa- 
tients with  dominantly  inherited  retinitis  pigmentosa 
can  be  divided  into  two  subgroups.  One  group 
(nominally  from  pedigrees  having  incomplete  pene- 
trance of  the  gene)  manifest  longer  photopic  b-wave 
implicit  times,  whereas  patients  from  pedigrees 
having  a  more  completely  penetrant  form  of  trans- 
mission have  normal  photopic  b-wave  implicit 
times. 82  The  significance  of  the  implicit  time  meas- 
urements relative  to  the  underlying  pathogenetic 
differences  is  not  known.  It  would  be  of  interest  to 


determine,  for  example,  whether  the  increased  time 
required  for  maximization  of  the  b-wave  potential  in 
the  incompletely  penetrant  form  of  retinitis  pigmen- 
tosa represents  a  specific  defect  in  membrane  struc- 
ture or  function. 

The  power  of  ERG  testing  as  a  diagnostic  tool  is 
greatly  enhanced  when  components  of  the  complex 
ERG  waveform  can  be  related  to  specific  generat- 
ing structures  in  the  retina.  Changes  in  ERG 
responses  in  ocular  disease  can  then  not  only  aid  in 
defining  the  locus  of  the  disease  within  the  retinal 
layers  but  also  provide  clues  to  the  nature  of  the 
defect  itself.  The  necessary  information  for  this 
approach  comes  from  a  layer-by-layer  analysis  of 
those  cells  in  the  animal  retina  that  produce  the 
ERG.  Over  many  years,  various  techniques  have 
been  applied  to  fractionating  the  ERG  into  its 
component  potentials.  These  have  included  induc- 
ing anoxia  in  specific  retinal  layers,  application  of 
chemical  substances  that  selectively  inhibit  synaptic 
activity,  and  microelectrode  penetration  of  each 
retinal  neuron  participating  in  visual  excitatory 
processes. 

Knowledge  of  which  groups  of  cells  contribute  to 
particular  portions  of  the  clinical  ERG  has  been 
particularly  helpful  in  analyzing  the  several  kinds  of 
congenital  stationary  night-blinding  diseases.  Pa- 
tients with  one  form  of  night  blindness  have  normal 
appearing  fundi,  no  rod  segment  in  the  dark 
adaptation  curve,  and  little  evidence  of  a  b-wave  in 
their  ERG  responses.  Even  more  surprising  is  that 
fundus  reflectometric  data  from  these  patients  have 
shown  that  normal  amounts  of  rhodopsin  are 
present  in  the  rods,  and  after  being  bleached  this 
pigment  returns  in  normal  fashion. 83  The  ERG 
confirms  that  the  photoreceptors  are  indeed  normal 
and  that  it  is  the  postreceptoral  activity  that  is 
abnormal.  Previous  ideas  about  this  form  of  night 
blindness  assumed  some  sort  of  rod  malfunction  or 
disorder  of  rhodopsin  synthesis;  the  new  data 
exclude  such  explanations.  The  heritable  defect,  as 
indicated  by  the  ERG  findings,  appears  rather  to  lie 
postreceptorally  and  to  act  in  some  unknown 
manner  to  prevent  b-wave  generation.  Each  of  the 
other  forms  of  night  blindness  has  proved  to  be  as 
interesting  in  expanding  basic  understanding  of 
adaptation  mechanisms,  and  in  each  form  ERG 
recordings  have  been  valuable  in  directing  attention 
to  the  possible  site  of  the  lesion. 

Some  emphasis  recently  has  been  placed  on 
exploring  dynamic  aspects  of  the  ERG  by  present- 
ing a  sequence  of  graded  flashes  and  recording  a 
voltage  versus  intensity  function.  The  slope  of  the 
linear  portion  of  this  function  represents  a  measure 
of  system  "gain"  in  that  it  provides  an  estimate  of 
changing  voltage  generated  by  a  unit  increase  of 
absorbed  photic  energy.  In  female  carriers  of  X- 
linked  retinitis  pigmentosa,  the  decreased  slope  of 
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the  basic  curve  indicates  that  this  property  of  retinal 
electrical  function  is  abnormal. 84 

The  existence  of  fast  oscillatory  wavelets  riding 
on  the  ascending  limb  of  the  developing  b-wave 
(giving  it  a  notched  appearance)  has  been  recog- 
nized for  many  years.  These  fast  frequency  compo- 
nents can  be  easily  isolated  from  the  slower  ERG 
potentials  by  electrically  filtering  out  all  frequencies 
below  60  Hz.  The  stimulus  conditions  required  to 
produce  the  oscillatory  potentials  reliably  in  humans 
also  have  been  carefully  worked  out. 85  Results  from 
early  studies  suggested  that  certain  oscillatory  po- 
tential characteristics  could  be  used  as  diagnostic 
aids  in  various  kinds  of  retinal  diseases. 86  In  general, 
diseases  of  the  inner  retinal  layers  were  associated 
with  markedly  attenuated  oscillatory  potentials;  this 
finding  agreed  with  the  results  of  a  study  suggesting 
that  oscillatory  potentials  were  probably  generated 
in  the  inner  plexiform  layer. 87  However,  many 
exceptions  to  this  clinical  finding  were  also  report- 
ed, which  made  reliable  diagnosis  based  on  oscilla- 
tory potentials  unsatisfactory.  For  example,  results 
purporting  to  show  unmistakable  diminution  of 
oscillatory  potential  amplitudes  in  early  diabetic 
retinopathy88  was  not  substantiated  by  other  stud- 
ies. 89 

More  recently,  the  source  of  the  oscillatory 
potentials  was  reinvestigated  in  animals  using  depth 
analysis  microelectrode  recordings. 90  The  results 
indicated  that  the  oscillatory  potentials  cannot  be 
generated  as  proximally  as  was  once  thought  but 
may  in  fact  derive  from  the  newly  discovered 
interplexiform  cells.  Clearly,  more  work  is  needed 
to  establish  the  source  of  these  potentials. 

A  standing  potential  exists  across  the  eyeball,  the 
amplitude  of  which  varies  with  retinal  adaptation. 
Because  it  is  difficult  to  measure  the  slow  DC 
changes  that  take  place  in  the  eye,  advantage  is 
taken  of  the  transient  electrical  changes  that  occur 
when  the  eye  executes  saccades  between  two  fixed 
electrodes.  During  a  prolonged  period  of  dark 
adaptation,  the  saccade  voltages  decrease,  reaching 
a  minimum  in  about  six  or  seven  minutes,  and  they 
rise  slowly  to  a  maximum  when  the  eye  is  then 
exposed  to  a  steady  bright  light.  The  normal  light 
peak/dark  trough  ratio  is  about  2.0. 91  Generalized 
diseases  of  the  retina  markedly  decrease  this  value. 

Several  lines  of  research  implicate  two  possible 
sources  of  activity  that  contribute  to  the  electro- 
oculographic  (EOG)  light  rise:  the  c-wave,  which  is 
associated  with  retinal  pigment  cell  activity92  and 
the  so-called  "light  peak,"  which  slowly  builds  to  a 
maximum  after  several  minutes  in  the  presence  of  a 
steady  light. 93  Unlike  the  c-wave,  which  is  generat- 
ed in  response  to  a  K+  decrease  in  the  subretinal 
space,  the  mechanism  for  generating  light  peak  is 
not  yet  fully  understood. 94  The  c-wave,  light  peak, 
and  clinically  recorded  EOG  changes  are  of  partic- 
ular  interest   in   vitelliform   macular   degeneration 


(Best's  disease),  in  which  there  is  a  markedly 
decreased  EOG  light  rise  but  normal  ERG  a-wave 
and  b-wave  amplitudes. 7295  However,  c-wave  de- 
velopment in  patients  with  Best's  disease  has  not 
been  studied  with  DC-ERG  techniques.  Though 
difficult  to  perform  because  no  eye  movement  or 
eye  blink  can  be  permitted  to  occur  during  the 
several  seconds  of  recording  time,  measuring  c- 
wave  activity  would  be  of  great  interest  in  such 
patients.  The  disease  itself  appears  localized  to  the 
macular  region,  yet  the  decreased  EOG  light  rise  is 
more  indicative  of  a  generalized  retinopathy.  Exam- 
ining some  of  the  slower  ERG  waves  might 
therefore  help  delineate  the  underlying  pathogenetic 
retinal  changes. 

Although  there  are  obvious  advantages  to  pre- 
senting large  homogeneous  fields  of  light  to  the 
retina  (for  example,  for  measuring  ERG  latencies), 
other  circumstances  require  that  the  examiner  at- 
tempt to  record  electrical  activity  from  a  specific 
retinal  locus.  Obvious  applications  for  such  stimula- 
tion are  the  many  diseases  localized  to  the  macular 
region.  If  the  stimulus  is  made  small  and  dim  (to 
prevent  stray  light  from  exciting  peripheral  retinal 
areas),  the  problem  becomes  one  of  detecting  a  very 
small  signal  relative  to  the  normal  background 
noise.  For  the  most  part,  electronic  signal  averaging 
has  solved  the  signal/noise  obstacle  but  not  the 
problem  of  patient  fixation.  The  question  is:  How 
sure  is  the  examiner  that  the  patient  is  fixating  the 
small  stimulus  light  and  not  some  point  to  one  side 
of  it?  Normal  subjects  can  be  trained  to  fixate 
accurately,  and  excellent  foveal  ERGs  can  be 
obtained, 96  but  for  untrained  subjects,  the  problem 
is  more  difficult. 

One  approach  is  to  use  a  modified  direct  viewing 
ophthalmoscope,  which  projects  (under  the  examin- 
er's control)  a  small  flickering  light  onto  a  particular 
fundal  area.  To  lessen  the  effects  of  stray  light,  a 
larger  steady  background  surrounds  the  stimulus 
spot. 97  Several  studies  performed  with  this  appara- 
tus show  that  it  has  wide  application,  especially  in 
retinal  degenerations  in  which  only  electrical  re- 
sponses to  luminance  changes  are  relevant. 98 

A  second  approach  is  to  use  a  type  of  stimulus  for 
local  ERG  recording  that  uses  a  reversing  grating 
or  checkerboard  pattern  for  the  patient  to  fixate. 99 
Although  the  examiner  has  less  control  over  exactly 
which  part  of  the  target  is  being  fixated,  this 
technique  offers  more  flexibility  in  the  type  of 
retinal  stimulation  that  can  be  given.  The  target 
itself  interchanges  light  and  dark  areas  in  a  manner 
that  does  not  change  its  overall  luminance.  If  the 
rate  of  alternation  is  above  the  temporal  resolving 
power  of  the  rod  mechanism,  peripheral  retinal 
areas  "see"  only  a  steady  light;  the  central  area  on 
which  the  target  is  imaged  responds  electrically  to 
the  local  luminance  changes  produced  when  the 
darker  areas  flip  to  lighter  ones,  and  vice  versa. 
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Reliable  ERGs  have  been  recorded  with  targets 
encompassing  areas  as  small  as  2  degrees.  10° 

Using  targets  whose  spatial  properties  can  be 
varied  has  provided  new  facts  about  ERG  activity. 
At  least  two  studies  indicate  that  patients  with 
amblyopia  have  reduced  foveal  ERGs  when  pattern 
stimulation  is  used. 101, 102  This  finding  implies  that 
under  certain  circumstances  the  ERG  may  reflect 
properties  of  retinal  spatial  organization.  Indepen- 
dent evidence  from  animal  studies  confirms  this  idea. 
For  example,  when  a  perfused  cat  eye  cup  was 
stimulated  with  dot  patterns  of  varying  spatial 
configuration  (but  of  constant  total  luminance) 
remarkable  changes  of  amplitude  and  latency  were 
observed  in  the  ERG  b-wave. 103 

It  has  been  accepted  for  some  time  that  the  inner 
retinal  layers  (which  would  be  the  obvious  site  for  a 
rigorously  developed  receptive  field  architecture) 
do  not  contribute  to  ERG  activity.  Indeed,  it  is  well 
known  that,  in  patients  with  optic  nerve  pathology, 
the  ERGs  elicited  by  a  diffuse  flash  are  unaffected. 
However,  recent  studies  have  shown  that  pattern 
ERGs  are  markedly  disturbed  after  experimental 
sectioning  of  the  cat  optic  nerve. 104  This  new 
finding,  if  confirmed  in  humans  with  optic  nerve 
disease,  may  provide  a  new  diagnostic  application 
for  the  ERG. 

In  recent  years,  the  visually  evoked  potential 
(VEP)  recorded  from  the  scalp  overlying  the 
occipital  cortex  has  been  established  as  an  excellent, 
although  indirect,  measure  of  foveal  function. 105 
The  power  of  the  VEP  to  evaluate  the  fovea  is 
directly  related  to  the  manner  in  which  the  stimuli 
are  manipulated.  Varying  the  spatial  distribution  of 
patterned  targets  as  well  as  their  contrast  and 
temporal  properties  are  common  methods  of  VEP 
analysis.  Because  pattern  ERGs  or  those  produced 
with  the  stimulator  ophthalmoscope  can  provide  a 
direct  measure  of  foveal  activity,  there  is  now 
opportunity  for  recording  evoked  electrical  activity 
simultaneously  from  the  retina  and  cortex  using  the 
same  stimulus. 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 


Diagnostic  retinal  research  has  slowly  developed 
from  modest  beginnings,  but  it  is  beginning  to  come 
into  its  own  as  part  of  the  overall  National  Eye 
Institute  program.  The  following  research  priorities 
support  the  development  of  clinically  applicable 
noninvasive  ocular  tests  and  evaluations  of  visual 
function  and  need  to  be  pursued.  Related  research 
priorities  in  other  subprograms  can  be  found  else- 
where in  this  report.  The  research  opportunities 
raised  here  are  truly  cross-cutting  in  nature  and  will 


in  large  measure  depend  on  multidisciplinary  skills 
and  talents  for  their  realization. 

Training  programs  must  be  strengthened  and 
expanded.  The  goal  is  to  train  researchers  in  the 
basic  sciences  to  apply  their  skills  to  clinical 
problems  and  ophthalmic  clinicians  to  apply  basic 
knowledge  more  effectively.  A  broad  range  of  skills 
and  knowledge  is  needed  to  train  scientists  in  this 
area.  Essentially  three  education  steps  are  required. 
First,  the  trainee-scientist  must  become  knowledge- 
able in  a  scientific  discipline  that  will  prepare  him  or 
her  to  make  a  substantive  contribution  to  the  field, 
for  example,  some  branch  of  optics,  psychophysics, 
or  physiology.  Second,  the  individual  needs  to  gain 
an  in-depth  understanding  of  the  structure  and 
function  of  the  eye  and  the  visual  system.  Finally, 
he  or  she  needs  to  have  an  orientation  to  clinical  eye 
studies  to  appreciate  existing  problems  and  scientific 
opportunities.  Scientists  enter  this  area  of  scientific 
specialization  from  either  basic  or  clinical  back- 
grounds. Generally,  the  point  of  entry  defines  the 
scientific  interest  of  the  individual  in  later  years. 
Many  members  of  this  group  obtain  positions  in 
ophthalmological  or  optometric  research  programs. 
Clinicians  in  training  must  be  able  to  maintain  their 
skills  and  participate  in  shorter,  more  intense  pro- 
grams. In  many  instances,  success  results  from 
effective  interaction  of  the  members  of  a  clinician/ 
basic  scientist  team,  each  of  whom  has  knowledge 
which  complements  the  others'  expertise. 


RECOMMENDATIONS 

Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Noninvasive  Techniques  in 
the  Study  of  Retinal  Disorders,"  the  Panel  has  made 
the  following  recommendations  concerning  re- 
search in  this  subprogram  over  the  next  five  years. 
These  have  all  been  designated  as  Program  Devel- 
opment Priorities  and  include  areas  of  ongoing 
research  in  which  new  knowledge  and  techniques 
offer  particular  opportunities  for  scientific  progress, 
or  promising  new  areas  of  research  in  which  there  is 
little  or  no  support  at  present  but  where  there  is 
both  great  need  and  high  potential  for  success.  Such 
areas  are  judged  to  warrant  significantly  increased 
support  over  the  next  five  years,  provided  that  high 
quality  applications  for  research  grants  in  these 
areas  are  forthcoming. 

Program  Development  Priorities 

■  Refine  and  further  develop  practical  instrumenta- 
tion for  measuring  local  (focal)  ERG  and  VER 
and  for  correlating  responses  from  local  ERG 
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and  cortical  VEP  measurements  (see  Chapter  10 
and  Volume  Two,  Part  Five,  Report  of  the  Strabis- 
mus,  Amblyopia,    and    Visual  Processing  Panel). 

Develop  improved  noninvasive  tests  to  assess 
retinal  function  and  localize  retinal  defects  in 
diseases  of  the  retina  and  choroid. 

Develop  reliable  noninvasive  techniques  for  as- 
sessing retinal  function  in  infants  (see  Volume 
Two,  Part  Five,  Report  of  the  Strabismus,  Ambly- 
opia, and  Visual  Processing  Panel). 

Utilize  noninvasive  techniques  in  studies  of  etiol- 
ogy, pathogenesis,  diagnosis,  prevention,  and 
treatment  of  specific  retinal  disorders  as  de- 
scribed in  other  chapters  of  this  report  (see 
Chapters  1,  3,  4,  5,  6,  "Retinal  Detachment  and 
Vitreous  Disorders,"  8,  and  10). 


Improve  and  better  define  means  of  evaluating 
retinal  function  in  the  presence  of  opaque  media. 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 


NONINVASIVE  TECHNIQUES  IN  THE  STUDY  OF 
RETINAL  DISORDERS* 


No.  of  Grants 
FY  1981 


Panel  Recommendation  FY  83 


Add.  Grants 


Total  Grants 


Program  Development  Priorities 

A.  Refine  and  further  develop  practical  instrumentation 
for  measuring  local  (focal)  ERG  and  VER  and  for 
correlating  responses  from  local  ERG  and  cortical 
VEP  measurements. 

B.  Develop  improved  noninvasive  tests  to  assess  retinal 
function  and  localize  retinal  defects  in  disease. 

C.  Develop  reliable  noninvasive  techniques  for  assessing 
retinal  function  in  infants. 

D.  Utilize  noninvasive  techniques  in  studies  of  etiology, 
pathogenesis,  diagnosis,  prevention,  and  treatment  of 
retinal  disorders. 

E.  Improve  and  better  define  means  of  evaluating  retinal 
function  in  the  presence  of  opaque  media. 

Subtotal  Grants 
(°7o  of  Program) 

Total  Estimated  Cost 


12 


10 

(3) 

$1,176,000 


8 

(7) 

$714,000 


18 

(4) 

$1,890,000 


•See  also  Chapter  1,  Diabetic  Retinopathy,  Sickle  Cell 
Retinopathy,  and  Other  Vascular  Abnormalities;  Chapter  3, 
Tumors;  Chapter  4,  Developmental  and  Hereditary  Disorders; 
Chapter  5,  Macular  Degeneration;  Chapter  6,  Retinal 
Detachment  and  Vitreous  Disorders;  Chapter  8,  Retinal 
Pigment  Epithelium;  and  Chapter  10,  Glial  Cells  and  the 
Retinal  Microenvironment. 
**See  Volume  Two,  Part  Five,  Report  of  the  Strabismus, 
Amblyopia,  and  Visual  Processing  Panel,  Chapter  1,  Normal 
and  Abnormal  Development  and  Chapter  3,  Amblyopia. 
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TISSUE 
ACQUISITION 
AND 

DISTRIBUTION: 
HUMAN  DONOR 
EYES  AND 
ANIMAL  MODELS 

INTRODUCTION 


PROGRESS  IN  UNDERSTANDING  human  dis- 
ease depends  to  a  great  extent  upon  the  acquisition 
and  study  of  appropriate  human  and  animal  retinal 
tissues.  Because  human  biopsy  material  from  the 
retina  and  choroid  is  unavailable  to  the  vision 
research  community,  it  is  essential  to  obtain  for 
study  human  eyes  taken  postmortem  or  removed 
because  of  malignancy  and  eyes  from  animals  with 
hereditary  retinal  diseases. 

Evidence  suggests  that  specific  biochemical  de- 
fects may  underlie  each  type  of  hereditary  retinal 
and  choroidal  disease.  If  this  is  true,  biochemical 
studies  of  normal  and  diseased  human  donor  retinas 
are  crucial.  Similarly,  comparative  biochemical 
studies  of  retinas  from  animals  afflicted  with  heredi- 
tary retinal  degenerations  are  needed.  Indeed,  inves- 
tigations of  human  and  animal  retinal  disorders 
should  be  considered  as  closely  interrelated.  The 
discovery  of  a  specific  biochemical  defect  in  animal 
eyes  can  pinpoint  an  area  of  study  applicable  to 
human  tissue.  Even  in  the  absence  of  precise 
overlap  in  pathogenesis,  the  study  of  animal  models 


opens  the  door  to  experimental  therapeutic  trials, 
which  could  lead  to  the  development  of  therapies 
for  human  disease.  Furthermore,  the  animals  them- 
selves would  benefit  from  discovery  of  a  specific 
cause  for  these  blinding  diseases  and  effective 
treatment. 

The  same  reasoning  applies  to  research  on  the 
cause  and  treatment  of  diabetic  retinopathy,  uveitis, 
retinal  and  choroidal  tumors,  and  retinal  detach- 
ment, and,  in  fact,  nearly  all  the  major  types  of 
retinal  and  choroidal  disorders.  In  searching  for  the 
cause  of  a  disorder,  there  is  no  experimental 
material  of  greater  value  than  the  affected  tissue. 

Donor  eye  specimens,  to  be  of  full  value,  must  be 
properly  classified  premortem  and  must  be  pro- 
cessed according  to  a  specific  research  protocol, 
because  the  worth  of  the  donor  eye  is  directly 
correlated  with  the  degree  of  documented  clinical 
history  of  that  eye.  The  more  accurate  the  classifica- 
tion of  the  disease  process  and  the  more  complete 
the  documentation  of  the  precise  clinical  course  and 
status,  the  greater  the  research  potential  of  an 
individual  donor  eye. 

Similarly,  the  procedure  for  tissue  preservation  is 
important;  frequently,  this  calls  for  quick  freezing 
and  storage  at  low  temperatures  or  use  of  special 
solutions  or  fixatives.  Electron  microscopic  studies 
require  that  tissue  be  preserved  within  four  hours 
after  death,  and  preferably  within  two  hours; 
biochemical  investigations  frequently  require  even 
more  rapid  processing.  If  the  eye  is  not  so  treated, 
deterioration  occurs  and  the  value  of  the  eye  is 
reduced  substantially. 

The  cost  and  work  involved  in  the  acquisition, 
care,  breeding,  and  distribution  of  animals  with 
specific  pathological  conditions  may  be  overwhelm- 
ing to  an  individual  researcher,  and  requires  a 
specific  program  designed  for  this  purpose.  That 
such  a  program  can  be  mounted  and  made  practical 
has  been  demonstrated  by  the  success  of  the 
National  Eye  Institute's  contract  for  breeding  and 
distributing  to  researchers  the  Royal  College  of 
Surgeons  (RCS)  rat  with  hereditary  retinal  degener- 
ation. Both  Irish  setters  and  miniature  poodles  with 
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inherited  retinal  disorders  also  have  been  bred 
successfully  at  an  animal  facility  which  is  supported 
by  a  National  Eye  Institute  contract. 

The  need  for  human  and  animal  tissues  for  vision 
research  has  greatly  increased  in  recent  years  due, 
in  part,  to  the  tremendous  research  progress  of  the 
last  decade.  During  this  time,  knowledge  of  the 
anatomy,  physiology,  and  biochemistry  of  the  retina 
and  choroid  has  expanded  significantly;  and  im- 
proved methodology  has  made  possible  the  study  of 
individual  cell  types  with  sophisticated  instrumenta- 
tion. Advances  in  technology  have  been  coupled 
with  an  increasing  public  awareness  about  diseases 
of  the  retina  and  choroid,  in  particular,  retinitis 
pigmentosa  and  allied  diseases  as  well  as  diabetic 
retinopathy. 

Early  detection  of  retinitis  pigmentosa  often  has 
alerted  older  affected  relatives  to  the  fact  that  the 
condition  is  familial,  and  this,  in  turn,  has  motivated 
them  to  donate  their  eyes  for  study  after  death. 
Advances  in  the  preservation  of  corneal  tissue  have 
made  it  possible  to  use  the  corneas  of  many  normal 
postmortem  human  donor  eyes  for  planned  corneal 
transplants  while  using  the  retina  and  choroid  for 
research,  thereby  maximizing  the  use  of  every 
donor  eye.  Eye  banks  and  private  foundations 
having  close  contacts  with  patients  who  are  afflict- 
ed with  retinitis  pigmentosa  and  diabetic  retinopa- 
thy are  aware  of  this  potential  and  have  devoted 
resources  to  improving  the  acquisition  and  distribu- 
tion of  human  donor  eyes. 


SUBPROGRAM 
OBJECTIVES 


To  make  available  postmortem  human  donor 
eyes,  both  from  normal  individuals  and  those 
affected  by  retinal  and  choroidal  diseases,  for 
comparative  study  by  modern  techniques. 

To  discover  and  develop  animal  models  of  retinal 
and  choroidal  diseases. 

To  provide  a  mechanism  for  breeding  promising 
animal  models  to  provide  adequate  numbers  for 
distribution  to  qualified  investigators. 


OVERVIEW  OF  CURRENT 
RESEARCH  SUPPORT 


Within  the  past  five  years,  a  National  Eye  Institute 
contract  for  developing  congenic  strains  of  normal 
and  diseased  Royal  College  of  Surgeons  rats  has 


been  successfully  completed,  and  now  many  centers 
in  this  country  are  investigating  the  cause  of  retinal 
degeneration  in  these  rats.  Colonies  of  mice  with 
hereditary  retinal  disease  are  available  through  the 
Jackson  Laboratories,  Bar  Harbor,  Maine,  and 
through  research  centers  that  maintain  colonies  of 
these  mice. 

A  program  to  supply  Irish  setters  afflicted  with 
rod-cone  dysplasia  and  miniature  French  poodles 
with  progressive  retinal  atrophy  was  initiated  in 
1975  by  the  National  Retinitis  Pigmentosa  Founda- 
tion and  subsequently  expanded  by  the  National 
Eye  Institute.  Qualified  investigators  requesting 
animals  are  required  to  submit  protocols  describing 
the  planned  experiments.  These  protocols  are  com- 
petitively reviewed  and  animals  and  tissues  are 
distributed  on  the  basis  of  merit.  This  program  has 
already  supplied  Irish  setters  to  many  investigators 
for  biochemical  and  ultrastructural  studies  and, 
more  recently,  has  begun  to  supply  miniature 
French  poodles  with  progressive  retinal  atrophy  for 
electrophysiological,  ultrastructural,  and  biochemi- 
cal studies. 

Individual  research  centers  have  structured  their 
own  donor  programs.  For  example,  a  uveitis  re- 
search project  is  being  conducted  under  the  auspices 
of  the  University  of  California  School  of  Medicine 
in  San  Francisco,  and  an  eye  donor  program  for 
patients  with  retinal  degenerations  is  conducted  by 
several  universities  throughout  the  United  States. 
Individual  laboratories  have  cooperated  for  the 
most  part  with  their  regional  eye  banks  to  obtain 
postmortem  human  donor  eyes.  A  pilot  study 
sponsored  by  the  National  Retinitis  Pigmentosa 
Foundation  with  the  Maryland  Eye  Bank  demon- 
strated the  feasibility  of  sending  normal  postmortem 
human  donor  eyes  to  various  centers  in  the  United 
States.  It  was  clear  from  this  pilot  effort  that  the 
tissue  had  to  be  preserved  as  soon  as  possible  after 
death,  preferably  no  later  than  four  hours  for  useful 
ultrastructural  study,  and  no  later  than  two  hours 
for  some  biochemical  measurements. 

The  National  Retinitis  Pigmentosa  Foundation 
has  encouraged  a  collaborative  effort  among  nine 
centers  that  it  supports  to  exchange  research  proto- 
cols for  use  of  donor  eyes,  and  is  aiding  in  the 
registration  of  donors  at  various  research  centers 
that  receive  support  from  the  Foundation.  The 
Juvenile  Diabetes  Foundation  has  received  support 
to  begin  a  program  (the  National  Diabetes  Research 
Interchange)  to  ensure  acquisition  and  appropriate 
distribution  of  postmortem  donor  eyes  from  patients 
with  diabetes  mellitus. 

With  respect  to  dogs,  Irish  setters  and  miniature 
French  poodles  with  inherited  retinal  disease  have 
been  bred,  but  no  obvious  mechanism  exists  for 
breeding  and  distributing  other  species  with  retinal 
degenerations  that  may  become  available.  Similarly, 
dogs  with  diabetic  retinopathy  exist,  but  communi- 
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cation  needs  to  be  improved  so  that  more  research- 
ers in  the  United  States  become  aware  of  them. 


RECENT 
ACCOMPLISHMENTS 

Research  interest  in  postmortem  normal  human 
donor  eyes  and  eyes  from  patients  with  hereditary 
retinal  diseases  has  increased  substantially  in  the 
past  few  years.  Retinal  pigment  epithelial  cells  from 
normal  donor  eyes  can  be  cultured  1-7  as  late  as  40 
hours  after  death; 6~9  best  results  are  obtained  when 
eyes  are  removed  within  five  hours  after  death  and 
placed  immediately  on  ice.7,9  Cell  lines  have  been 
developed  for  subsequent  biochemical5'7"10  and 
ultrastructural  studies.  Studies  have  begun  on  pig- 
ment epithelial  cells  cultured  from  postmortem 
donor  eyes  of  patients  with  retinitis  pigmentosa.8-9 

The  photoreceptors  of  the  normal  human  retina 
have  been  shown  to  retain  a  postmortem  metabolic 
capacity  for  at  least  four  hours  after  death;1112 
perhaps  the  length  of  time  in  which  metabolic 
capacity  is  retained  may  be  extended  if  the  eyes  are 
placed  on  ice  as  soon  as  possible. 12  Functional 
capacity  may  also  be  preserved  for  longer  periods  if 
the  incubation  media  is  modified  or  if  the  vascula- 
ture of  the  enucleated  eye  is  perfused  with  an 
appropriate  artificial  medium. 13  Photoreceptor  cell- 
specific  processes  that  have  been  studied  include  the 
capacity  to  synthesize  rhodopsin  from  14C-labeled 
amino  acids,  the  high  affinity  uptake  mechanism  for 
3H-taurine,  and  the  ability  to  incorporate  inorganic 
32P-phosphate  into  rhodopsin  with  exposure  to 
light. 12  Pericytes  u  and  endothelial  cells 15' 16  from 
retinal  blood  vessels  have  been  successfully  cultured 
for  study  of  possible  pathogenetic  mechanisms  in 
diabetic  retinopathy. 17  Postmortem  changes  and  the 
viability  of  retinal  vessels  after  cold  storage  also 
have  been  studied. 18  In  addition,  postmortem  human 
eyes  have  been  used  recently  to  identify  the  cellular 
sites  of  putative  amino  acid  neurotransmitters  in  the 
retina. 19 

Hereditary  retinal  and  choroidal  diseases  have 
been  investigated  in  the  mouse;  rat;  several  strains  of 
dogs  including  the  Alaskan  malamute,  Irish  setter, 
miniature  French  poodle,  and  collie;  and  strains  of 
baboon  and  rhesus  monkey.  Biochemical  defects  in 
the  photoreceptors  have  been  delineated  in  the 
mouse  and  Irish  setter,  a  defect  in  the  phagocytic 
capacity  of  pigment  epithelium  has  been  shown  in 
the  RCS  rat,  the  degeneration  in  the  baboon  has 
been  compared  with  progressive  cone-rod  degener- 
ation in  man;  and  the  degeneration  in  the  rhesus 
monkey  resembles  Doyne's  honeycomb  choroiditis 
in  man.  A  strain  of  rats  (BB  rat)  develops  an 
autoimmune  insulitis  and  consequent  diabetes  melli- 


tus. 20  Models  of  diabetic  retinopathy  have  been 
produced  in  the  dog  with  alloxan  and  in  the  rat  with 
streptozotocin.  Progress  has  been  made  toward 
establishing  animal  models  for  retinoblastoma  and 
malignant  melanoma. 21 

Human  donor  eyes  with  retinitis  pigmentosa  have 
been  studied  in  several  centers  in  the  United  States, 
and  clinicopathologic  correlations  have  been  made 
relating  premortem  clinical  findings  with  postmor- 
tem ultrastructural  and  biochemical  changes.22-32 


RESEARCH  NEEDS 
AND  OPPORTUNITIES 

There  is  great  need  for  human  and  animal  tissue  to 
study  pathogenetic  mechanisms  in  a  variety  of  eye 
diseases  involving  the  retina  and  choroid.  With 
proper  organization  and  public  education,  a  great 
potential  clearly  exists  to  increase  the  number  of 
postmortem  human  donor  eyes  available  for  study. 
Opportunities  exist  for  obtaining  normal  human 
donor  retinas  from  eye  banks  all  over  the  United 
States  without  compromising  existing  programs  for 
supplying  tissue  for  corneal  transplantation.  In 
families  with  hereditary  retinitis  pigmentosa  and 
with  diabetes  mellitus,  increasing  awareness  of  the 
potential  uses  of  donor  eyes  has  resulted  in  a  larger 
number  of  individuals  who  are  willing  to  donate 
their  eyes  after  death  for  research. 

There  are  also  increased  opportunities,  coincident 
with  advances  in  techniques,  to  study  the  cell 
biology  of  the  diseased  cells  of  animals  with 
hereditary  retinal  and  choroidal  disease.  Larger 
numbers  of  dogs  with  retinal  degenerations  and 
diabetic  retinopathy  will  be  needed  in  the  future, 
particularly  when  treatment  trials  are  contemplated. 

A  program  for  obtaining  human  donor  eyes  as 
soon  as  possible  after  death  requires  a  plan  for 
registration  of  donors  and  acquisition  of  tissue.  The 
registration  of  human  donors  is  handled  best 
through  eye  banks  and  private  foundations  which 
have  close  contact  with  patients.  The  costs  of 
acquiring  the  eyes  and  the  expenses  related  to  the 
study  of  the  eyes  once  research  protocols  have  been 
approved  by  appropriate  peer  review  should  be 
supported  by  National  Eye  Institute  grants.  Eye 
banks,  private  foundations,  pathologists,  and  investi- 
gators must  arrange  for  24-hour  coverage  to  insure 
that  all  donor  eyes  are  received  and  prepared 
promptly  and  appropriately.  Special  research  proto- 
cols may  be  required  for  different  eyes  depending 
on  the  extent  and  type  of  retinal  disease  and  the 
investigator,  in  some  instances,  may  have  to  be 
present  when  the  donor  eyes  are  taken. 


181 


Vision  Research— A  National  Plan:  1983-1987 


Retinal  and  Choroidal  Diseases 


Once  a  potential  donor  has  registered,  an  investi- 
gator must  obtain  as  much  clinical  information  as 
possible  about  him  or  her  to  make  future  clinico- 
pathological  correlations  meaningful.  Eye  banks  and 
private  foundations  can  play  another  important  role 
by  educating  the  public  and  assigning  prospective 
donors  to  a  registry  in  a  given  region.  Greater 
availability  of  animal  models  with  hereditary  disease 
will  undoubtedly  encourage  more  investigators  to 
study  these  diseases.  A  need  exists  to  take  advantage 
of  the  development  of  new  models  by  creating 
adequate  facilities  to  breed  them  for  interested 
investigators.  The  expenses  related  to  transportation 
of  animals  and  housing  of  animals  at  a  given 
research  center,  and  the  expenses  related  to  the 
research  on  these  animals,  could  be  supported 
through  the  individual  project  grants. 


RECOMMENDATIONS 


Program  Development  Priorities 

■  Procure,  prepare,  and  distribute  for  study  post- 
mortem human  donor  eyes  from  those  affected 
with  retinal  and  choroidal  diseases.  Ultrastructur- 
al,  biochemical,  and  tissue  culture  studies  should 
be  conducted  with  careful  attention  to  obtaining 
correlations  with  premortem  clinical  findings  (see 
Chapter  1,  "Diabetic  Retinopathy,  Sickle  Cell 
Retinopathy,  and  Other  Vascular  Abnormali- 
ties;" Chapter  2,  "Inflammatory  Disorders;" 
Chapter  3,  "Tumors;"  Chapter  4,  "Developmen- 
tal and  Hereditary  Disorders;"  Chapter  5,  "Mac- 
ular Degeneration;  and  Chapter  6,  "Retinal  De- 
tachment and  Vitreous  Disorders"). 

■  Identify,  develop,  and  maintain  new  animal 
models  of  retinal  and  choroidal  diseases.  Particu- 
larly promising  animal  models  should  be  bred  and 
adequate  numbers  distributed  to  qualified  investi- 
gators   (see    Chapters    1,    2,    3,    4,    5,    and    6). 


Based  on  the  foregoing  assessment  of  recent  accom- 
plishments, current  activities,  and  research  needs 
and  opportunities  in  "Tissue  Acquisition  and  Distri- 
bution: Human  Donor  Eyes  and  Animal  Models," 
the  Panel  has  made  the  following  recommendations 
concerning  research  in  this  subprogram  over  the 
next  five  years.  These  have  all  been  designated  as 
Program  Development  Priorities  and  include  areas 
of  ongoing  research  in  which  new  knowledge  and 
techniques  offer  particular  opportunities  for  scientif- 
ic progress,  or  promising  new  areas  of  research  in 
which  there  is  little  or  no  support  at  present  but 
where  there  is  both  great  need  and  high  potential 
for  success.  Such  areas  are  judged  to  warrant 
significantly  increased  support  over  the  next  five 
years,  provided  that  high  quality  applications  for 
research   grants   in   these   areas   are   forthcoming. 


RESOURCE 
REQUIREMENTS 

After  reviewing  current  research  grant  support  in 
each  of  these  categories  and  assessing  the  need  and 
potential  for  future  development,  the  Panel  has 
estimated  the  number  of  projects  it  believes  are 
needed  to  carry  out  its  recommendations  in  FY 
1983.  These  estimates  are  shown  in  the  table  on  the 
following  page.  For  a  discussion  of  the  general  basis 
and  significance  of  these  projections,  see  the  "Sum- 
mary" at  the  beginning  of  this  report. 
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RESOURCE  TABLE 


TISSUE  ACQUISITION  AND  DISTRIBUTION: 
HUMAN  DONOR  EYES  AND  ANIMAL  MODELS 


No.  of  Grants 
FY  1981 


Panel  Recommendation  FY  83 


Add.  Grants 


Total  Grants 


Program  Development  Priorities 

A.  Procure,  prepare,  and  distribute  postmortem  human 
donor  eyes  affected  with  retinal  and  choroidal 
diseases;  conduct  ultrastructural,  biochemical,  and 
tissue  culture  studies;  obtain  correlations  with 
premortem  clinical  findings. 

B.  Identify,  develop,  and  maintain  new  animal  models  of 
retinal  and  choroidal  diseases. 

Subtotal  Grants 

(°Io  of  Program) 

Total  Estimated  Cost 


[4]* 

[2]*t 
[6]* 


[4]* 

[2]*t 
[6]* 


*  Grants  counted  elsewhere  within  Retinal  and  Choroidal 

Diseases  subprograms. 
f  Does  not  include  one  contract:  "Animal  Models  of  Hereditary 

Retinal  Degeneration."  (The  continuation  of  the  existing  NEI 

breeding  colony  for  animals  with  inherited  retinal  disorders  is 

recommended.) 
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ISSUED   TO 


NEW  YORK,  N.Y.  10011 


DISCRIMINATION  PROHIBITED:  Under  pro- 
visions of  applicable  public  laws  enacted  by  Con- 
gress since  1964,  no  person  in  the  United  States 
shall,  on  the  grounds  of  race,  color,  national  origin, 
handicap,  or  age,  be  excluded  from  participation  in, 
be  denied  the  benefits  of,  or  be  subjected  to 
discrimination  under  any  program  or  activity  (or,  on 
the  basis  of  sex,  with  respect  to  any  education 
program  or  activity)  receiving  Federal  financial 
assistance.  In  addition,  Executive  Order  11141 
prohibits  discrimination  on  the  basis  of  age  by 
contractors  and  subcontractors  in  the  performance 
of  Federal  contracts,  and  Executive  Order  11246 
states  that  no  federally  funded  contractor  may 
discriminate  against  any  employee  or  applicant  for 
employment  because  of  race,  color,  religion,  sex,  or 
national  origin.  Therefore,  the  National  Institutes  of 
Health  grants  and  awards  programs,  like  every 
program  or  activity  receiving  financial  assistance 
from  the  Department  of  Health  and  Human  Serv- 
ices, must  be  operated  in  compliance  with  these 
laws  and  Executive  Orders. 


